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SUMMARY 


This  handbook  has  been  prepared  primarily  for  the  power,  communications,  and 
systems  engineer  who  must  be  concerned  with  the  effects  of  the  nuclear  electromagnetic 
pulse  on  his  system.  The  power  engineer  should  be  aware  of  the  effects  of  EMP  on  his 
transmission  and  distribution  system,  and  the  power  users  must  protect  their  equipment 
from  the  pulse  conducted  into  their  facilities  on  the  power  lines.  The  contents  of  this 
handbook  draw  heavily  on  the  results  of  research  conducted  at  Stanford  Research  Institute 
for  the  Air  Force  Weapons  Laboratory  under  Contract  F 29601 -69-C-01 27  and  on  the 
extensive  work  conducted  by  D.  B.  Nelson,  J.  K.  Baird,  and  J.  H.  Marable  at  the  Oak  Ridge 
National  Laboratory. 
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Chapter  One 


EFFECTS  OF  THE  EMP 
ON  POWER  SYSTEMS 


1.1  INTRODUCTION 

Until  a few  years  ago,  the  nuclear  EMP  community  gave  little  attention  to  commer- 
cial power  systems  other  than  to  recommend  surge  arrestors  Bnd  line  filters  for  the  power 
lines.  It  is  now  recognized,  however,  that  the  commercial  power  system  can  be  a major  path 
for  coupling  the  EMP  into  ground-based  systems,  The  power  distribution  system  forms  a 
very  largo,  completely  exposed  antenna  system  that  is  hard-wired  Into  the  consumer's  fa- 
cility, Thus  extremely  high  voltages  may  be  developed  on  the  power  conductors,  and  even 
If  the  commercial  power  Is  not  relied  on  for  system  survival  these  voltages  may  be  delivered 
to  the  system  either  before  commercial  power  is  lost,  or  by  the  ground  or  neutral  system 
after  transferring  to  auxiliary  power. 

In  the  last  few  years,  considerable  research  has  been  performed  on  EMP  coupling  to 
commercial  power  systems  In  an  effort  to  characterize  the  power  distribution  lines  as  EMP 
collectors  and  to  determine  the  effects  of  major  components,  such  as  transformers,  lightning 
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arresters,  and  low-voltage  wiring,  on  the  penetration  of  the  received  signal  into  ground-based 
facilities.  This  research  has  entailed  development  and  experimental  verification  of  the  theory 
of  coupling  to  transmission  lines,  and  even  though  considerable  research  is  still  continuing 
on  the  EMP  interaction  with  power  systems,  it  is  felt  that  the  preparation  of  a handbook  on 
the  interaction  of  EMP  with  commercial  power  systems  is  in  order  so  that  designers  and 
systems  engineers  can  benefit  from  the  results  of  extensive  data  already  accumulated. 


1 .2  CHARACTERISTICS  OF  THE  NUCLEAR  EMP 

1 .2.1  GENERATION  OF  THE  EMP 

The  nuclear  electromagnetic  pulse  (EMP)  Is  produced  by  the  products  of  a nuclear 
detonation  interacting  with  air  molecules  to  produce  a sudden  separation  of  electrical 
charge,  This  process  is  illustrated  In  Figure  1-1  (a)  for  a surface  detonation  and  in  Figure 
1 -1  (b)  for  a high-altitude  detonation,  Very-high-energy  7-rays  (photons)  are  produced  by 
the  nuclear  detonation  and  propagated  radially  away  from  the  burst  point,  These  7-rays 
eventually  collide  with  air  molecules  to  produce  relativistic  Compton  electrons  which  also 
move  in  the  radial  direction,  The  heavier  positive  Ions  are  left  behind,  so  that  a separation 
of  the  negative  electrons  from  the  positive  ions  occurs.  This  Is  the  charge  separation  mech- 
anism by  which  the  electromagnetic  pulse  Is  Initiated,  As  the  Compton  electrons  travel 
through  the  air,  however,  they  collide  with  neutral  air  molecules  to  produce  secondary  elec- 
trons, and  lose  their  energy  in  this  process,  The  air  soon  becomes  fairly  highly  Ionized  and 
the  separated  charge  begins  to  discharge  as  a result  of  current  flowing  through  the  Ionized 
air.  At  large  distances  from  a surface  burst,  this  charge  separation  and  relaxation  has  the 
appearance  of  a transient  electric  dipole, 

The  charge-separation  mechanisms  are  similar  for  the  high-altitude  detonation,  but 
because  the  probability  of  the  7-ray  (photon)  colliding  with  an  air  molecule  is  relatively  low 
until  It  has  reached  the  more  dense  atmosphere,  - lost  of  the  Compton  electron  production 
and  charge  separation  occurs  In  or  below  the  region  of  the  upper  atmosphere  containing 
the  ionosphere  D-dayer.  In  this  region,  the  distance  that  a Compton  electron  travels 
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Figure  1-1  MECHANISM  FOR  GENERATION  OF  THE  EMP 

before  it  loses  its  energy  through  collisions  is  great  enough  that  the  curvature  of  is  path  pro- 
duced by  the  earth's  magnetic  field  and  the  resultant  magnetic  dipole  moment,  are  also  sig- 
nificant, as  is  indicated  in  Figure  1 -(b) , As  is  also  illustrated  iri  Figure  1 - 1 (b)  the  source 
region  where  the  charge  separation  occurs  can  cover  a very  large  area,  so  that  the  EMP  pro- 
duced by  a single  high-altitude  detonation  may  be  quite  strong  over  a region  with  dimen- 
sions of  several  hundred  miles. 
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1.2.2  CHARACTERISTICS  OF  THE  HIGH-ALTITUDE  EMP 


The  detailed  characteristics  of  the  high-altitude  EMP  waveform  vary  with  weapon 
characteristics  and  the  positions  of  the  observer  relative  to  the  burst  point,  but  for  the  pur- 
poses of  most  EMP  coupling  analysis  a simple,  approximate  wavefoim  is  adequate.  A useful 
approximation  for  the  incident  electric  field  strength  to  be  used  in  coupling  calculations  is 
the  two-exponential  pulse  given  by 

Eft)  - E0  <e‘t/T1  - e_t/r2)  (1-1) 

where  r1  is  the  pulse-decay  time  constant  and  r2  is  the  rise  time  constant.  Since  r y » r2, 
E0  Is  approximately  the  peak  value  of  the  Incident  electric  field  strength.  The  values  given  by 
Marableetal.l*  for  E0;  Tl  # and  r2  are 

E0  * 5.2  X 104  V/m 

Ty  * 6.7  X 10-7  5 

r2  *3.BX  10-0  8 

A sketch  of  the  waveform  plotted  from  Eq,  (1-1)  using  these  values  is  shown  in  Figure  1-2. 
The  Fourier  transform  of  the  two-exponential  pulse  is 


E(«) 


Eo 


r1  ~ r2 

(1  +ju>r1)  (1  + ju>r2) 


(1-2) 


‘References  arc  lilted  In  the  last  section  of  each  chapter. 
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A plot  of  the  magnitude  of  the  field  E(w)  for  the  values  of  E0t  r1 , and  r2  given  above  is 
shown  in  Figure  1-3. 

From  this  approximate  waveform  and  its  Fourier  transform,  it  is  apparent  that  the 
EMP  produced  by  a high-altitude  detonation  is  characterized  by  a very  fast  rise  to  a peak 
electric  field  strength  of  the  order  of  50  kV/m,  and  that  the  duration  of  the  pulse  is  of  the 
order  of  1/us.  The  spectrum  of  the  pulse  contains  significant  energy  at  frequencies  approach- 
ing 100  MHz. 

The  magnetic  field  strength  (outside  the  region  of  ionization)  associated  with  the 
EMP  is  related  to  the  electric  field  through  the  Intrinsic  impedance  of  air  (120tr),  so  that  the 
incident  magnetic  field  Is 


H(t) 


E°  , -t/r 

e 

120tt 


-e 


-t/r 


2> 


(1-3) 


1.2.3  COMPARISON  WITH  LIGHTNING 

Because  both  the  nuclear  EMP  and  lightning  produce  large  electromagnetic  tran- 
sients it  is  natural  to  compare  their  properties  and  characteristics.  As  Is  well  known,  light- 
ning Is  produced  by  the  discharge  of  static  electricity  accumulated  in  clouds.  The  discharge 
occurs  as  a long  arc  between  the  cloud  and  the  earth,  in  which  peak  currents  of  tens  of  kA 
(but  occasionally  hundreds)  and  charge  transfers  of  about  1 coulomb  occur.2,  3 Typical 
current  rise  times  are  of  the  order  of  1 tit,  and  the  duration  of  individual  current  pulses 
(time  to  decay  to  half  the  peak  value)  Is  of  the  order  of  40  /us.  Each  lightning  flash  normally 
consists  of  several  strokes  or  pulses  of  current.  The  lightning  stroke-current  rise-time  and 
duration  are  thus  much  greater  than  those  of  the  EMP  fields. 

The  effects  of  lightning  are  most  severe  when  a direct  strike  is  incurred.  These  effects 
are  often  manifested  as  molten  metal,  charred  Insulation,  and  exploded  timber-the  result 
of  a high  energy  density  delivered  by  the  stroke  to  its  point  of  attachment.  Lightning 
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Figure  1-2  TWO-EXPONENTIAL  REPRESENTATION  OF  THE  HIGH-ALTITUDE 
MAP  WAVEFORM 


Figure  1-3  MAGNITUDE  OF  THE  SPECTRUM  OF  THE  TWO-EXPONENTIAL 
WAVEFORM 


transients  propagated  along  transmission  lines  often  produce  peak  voltages  of  several  hun- 
dred kilovolts  with  pulse  rise-times  of  about  10  /us  and  durations  of  50  ps  or  more.  This 
transient  is  not  necessarily  a common-mode  (zero-sequence)  voltage,  since  the  stroke  may 
attach  to  only  one  conductor;  the  voltages  induced  in  the  remaining  conductors  are  pro- 
duced by  mutual  coupling.4 

Because  the  nuclear  EMP  arrives  at  the  surface  as  a plane,  propagating  wave,  rather 
than  as  a stroke  channel,  the  melting,  charring,  and  splintering  effects  associated  with  direct 
lightning  strikes  do  not  usually  occur  with  the  EMP.  The  EMP  exerts  Its  influence  through 
induced  effects;  the  very  large  electromagnetic  fields  of  the  EMP  induce  large  voltages  or 
currents  in  antenna-like  elements  of  equipment.  For  example,  a 5-meter-high  vertical  con- 
ductor (monopole  antenna)  exposed  to  a 50-kV/m  incident  electric  field  will  have  an  open- 
circuit  voltage  of  500  kV  Induced  at  Its  base.  The  reader  should  adjust  his  thinking  to 
accomodate  the  fact  that  the  very  fest  rise  time  of  the  EMP  Implies  that  conductors  over  a 
few  feet  long  are  no  longer  electrically  short,  Thus,  although  a 20-ft-long  ground  wire  on  a 
transformer  pole  may  be  treated  as  a lumped  Inductance  for  lightning  transients,  20  ft  Is 
twice  the  distance  a wave  will  propagate  during  the  buildup  time  of  the  EMP.  Conductors 
over  a few  feet  long  must  therefore  be  analyzed  as  transmission  lines,  rather  than  lumped 
elements,  in  the  investigation  of  EMP  effects.  In  addition,  small  Inductances  and  capaci- 
tances that  are  negligible  in  lightning  analysis  become  important  in  EMP  analysis  because  of 
the  large  rate*  ol  change  associated  with  the  leading  edge  of  the  EMP. 

The  prlma-y  effect  of  the  EMP  is,  therefore,  the  production  of  large  voltages  or  cur- 
rents in  conductors  such  as  power  lines,  burled  cables,  Bntennas,  etc.  These  induced  currents 
and  voltages  may  then  cause  secondary  effects  such  as  insulation  flashover  and  electronic 
component  damage  or  malfunction.  Electronic  logic  circuits,  in  which  Information  is  trans- 
ferred as  a train  of  pulsus,  are  particularly  susceptible  to  transients  of  the  type  Induced  by 
the  EMP.  Even  small  transients  In  these  circuits  can  cause  a false  count  or  status  Indication 
that  will  lead  to  an  error  in  the  logic  output,  and  large  transients  can  destroy  the  junctions 
of  the  solid-state  devices  used  in  these  circuits,  furthermore,  the  techniques  used  for  pro- 
tecting equipment  from  the  slowly  rising  lightning  transients  are  not  necessarily  effective 
against  the  fast-rising  EMP-Induced  transients. 
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1.2.4  TECHNOLOGY  APPLICABLE  TO  EMP  ANALYSIS 


Because  the  EMP  is  a transient  whose  spectrum  Is  significant  at  frequencies  approach- 
ing 100  MHz,  the  analysis  of  EMP  effects  is  a transient  analysis.  Hence,  although  some  dif- 
ferences between  the  EMP  and  lightning  have  been  noted  above,  the  results  of  extensive 
transient  analysis  related  to  lightning  are  beneficial  to  the  analysis  of  EMP  effects  on  power 
systems  and  components,  One  of  the  problems  encountered  in  the  analysis  of  the  coupling 
and  propagation  of  EMP-Induced  transients  is  that  of  determining  the  electrical  properties 
of  components  such  as  transformers,  motors,  etc,  at  frequencies  other  than  their  normal 
operating  frequencies  (00  Hz).  For  many  transmission-line  components,  however,  analyti- 
cal techniques  and  component  characteristics  have  been  developed  for  lightning  and  switch- 
ing transient  analysis  that  are  applicable  for  the  frequency  spectrum  below  1 MHz.4-7 
Engineers  familiar  with  conventional  transient  analysis  of  power  systems  should  therefore 
be  well  equipped  to  perform  EMP  analysis. 

Some  data  are  also  available  for  system  and  component  characteristics  In  the  50-to- 
150-kHz  range  used  for  power-line  carrier  applications.8  Although  much  of  the  supervisory 
control,  telemetering,  and  relaying  is  now  carried  on  microwave  links,  power-line  carriers 
are  still  in  use  and  much  data  on  the  transmission  properties  of  lines  and  components  are 
available  to  supplement  the  data  available  from  lightning  and  switching  transient  analysis. 
Because  of  the  fairly  narrow  band  of  frequencies  used  for  power-line  carrier  operations, 
however,  these  data  are  of  somewhat  limited  value. 

Because  the  usual  treatment  of  lightning  and  switching  transients  Is  not  concerned 
with  frequencies  above  about  1 MHz,  high-frequency  techniques  must  be  Invoked  for  ana- 
lyzing the  power  system's  response  to  the  EMP.  Most  useful  in  the  EMP  analysis  at  frequen- 
cies above  1 MHz  is  a good  understanding  of  the  fundamentals  of  electromagnetic  waves  and 
transmission  lines,9"1 1 As  was  Indicated  In  Section  1,2.3  above,  many  conductors  that  are 
electrically  small  at  1 MHz  (300-meter  wavelength)  are  large  at  100  MHz  (3-meter  wave- 
length). Thus  the  EMP  analyst  must  be  acutely  aware  of  WBve  propagation  times  and  the 
transmitted  and  reflected  waves  at  discontinuities  in  conductor  configurations.  To  illustrate 
this  point,  consider  a lightning  transient  with  a 1,5-ps  time-to-peak.  The  toe  of  this  tran- 
sient has  propagated  1 500  ft  beyond  an  observer  by  the  time  the  peak  arrives.  For  a 1-jus- 
wlde  pulse  with  a 10-ns  time-to-peak,  however,  the  toe  of  the  pulse  has  propagated  only  10 
ft  by  the  time  the  peak  arrives,  and  by  the  time  the  toe  has  propagated  1500  ft  beyond  the 
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observer  the  trailing  edge  of  the  pulse  has  passed  and  propagated  500  ft  beyond  the  observer 
(the  velocity  of  propagation  is  approximately  1 ft/ns).  One  consequence  of  this  difference 
is  that  the  current  at  the  top  of  a vertical  ground  wire  on  a pole  may  be  radically  different 
from  the  current  only  30  ft  away  at  the  base  of  the  pole. 


1 .3  DESCRIPTION  OP  A POWER  SYSTEM 

The  power  system  Is  described  from  the  viewpoint  of  a consumer  who  is  concerned 
about  the  EMP-induced  transients  entering  his  facility  on  the  power  conductors.  As  viewed 
by  the  consumer,  the  most  important  parts  of  the  power  system  are  those  that  are  closest 
to  his  facility.  Thus  the  service  entrance,  the  distribution  transformer,  and  the  last  mile  of 
distribution  line  are  quite  important,  but  parts  of  the  distribution  and  transmission  system 
over  a mile  away  decrease  in  interest  as  the  distance  increases. 

Typical  service  at  the  end  of  a distribution  line  Is  shown  in  Figure  1-4  for  service 
with  ground-based  transformers.  The  3-phase  aerial  distribution  line  ends  on  the  guyed 
pole,  where  the  line  is  spliced  to  shielded  cable,  which  enters  a conduit  running  down  the 
pole  and  underground  to  the  transformer.  The  top  of  the  pole  is  shown  In  Figure  1-4  to 
illustrate  the  installation  of  the  lightning  arresters,  disconnect  switches,  and  potheads.  Rigid 
steel  conduit  is  normally  used  to  protect  the  conductors  on  the  drop  down  the  pole,  but 
often  fiber  duct  Is  used  for  a segment  of  the  buried  horizontal  run  between  the  pole  and 
the  transformers.  There  is  almost  always  a ground  wire  for  the  lightning  arresters  running 
down  the  pole  to  a ground  rod  or  butt  wrap  at  the  base  of  the  pole. 

The  other  end  of  the  conduit  and  the  distribution  transformers  are  shown  in  Figure 
1 -5.  In  the  case  shown,  the  transformers  are  mounted  outdoors  on  b concrete  pad  and 
protected  by  a chain-link  fence.  The  shielded  cables  exit  the  conduit  through  a moisture 
barrier  and  are  terminated  in  potheads.  Connecting  leads  between  the  pothead  terminals 
and  the  transformer  terminals  can  be  seen  in  the  figure,  Three  single-phase  transformers 
are  used  to  reduce  the  distribution  voltage  (13,2  kVj  to  the  consumer's  voltage  (440  V). 

Tha  neutral  conductors  and  the  transformer  cases  aro  grounded  to  ground  rods  just  off 
the  concrete  pad, 
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Flgurt  1-4  LAST  POLE  OF  DISTRIBUTION  SPUR  SHOWING  LIGHTNING  ARRESTERS, 
POTHEADS,  AND  ENTRANCE  CONDUIT 
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Flgur*  1-5  GROUND-BASED  DISTRIBUTION  TRANSFORMERS:  PRIMARY  SIDE 
AND  DISTRIBUTION  POTHEADS 


J 
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A view  of  the  secondary  side  of  the  transformers  and  the  low-voltage  conductors 
entering  the  weatherheads  is  shown  in  Figure  1-6.  In  the  installation  shown  in  this  figure, 
several  conductors  are  used  for  each  phase,  so  that  three  entrance  conduits  are  required. 

These  conduits  also  may  be  either  steel,  part  steel  and  part  fiber  duct,  or  fiber  duct  all  the 
way.  The  conduits  are  normally  run  underground  into  the  building  where  they  terminate  In 
the  main  circuit-breaker  panel.  The  length  of  the  conduit  between  the  top  of  the  pole  and 
the  transformers  ranges  from  about  50  ft  to  about  1000  ft,  but  a typical  distance  is  about 
100  ft.  The  length  of  the  conduit  between  the  transformers  and  the  main  circuit-breaker 
panel  is  typically  20  or  30  ft,  but  it  can  vary  from  about  10  ft  up  to  about  200  ft. 

The  outdoor  transformer  arrangement  shown  in  Figures  1-5  and  1-6  is  quite  com- 
mon, but  other  common  practices  include  Installing  the  transformers  in  steel  cabinets  or 
sheds  outside  the  building  or  in  a vault  Inside  the  building.  Pole-mounted  transformers  are 
common  for  light  loads  and  at  sites  where  real  estate  for  ground-based  Installations  is  limited. 

Some  of  the  features  of  the  service  that  are  important  in  the  analysis  of  EMP  coup- 
ling to  the  building  electrical  circuits  are: 

(1 ) The  height  and  separation  of  the  conductors  of  the  distribution  lines.  These 
affect  the  coupling  of  the  EMP  to  the  line. 

(2)  The  lightning  arresters.  These  protect  the  potheads  and  shielded  cables  from 
Insulation  breakdown, 

(3)  The  characteristic  Impedence  of  the  shielded  cables.  A large  mismatch  between 
the  aerial  line  and  the  shielded  cables  limits  the  voltage  delivered  to  the  cables. 

(4)  The  conduit  between  the  pole  and  the  transformers.  If  the  conduit  Is  all  steel, 
the  cables  will  be  protected  from  the  fields  in  the  ground,  but  If  It  Is  partly 
plastic  or  fiber  duct,  additional  coupling  may  occur  along  this  path. 

(5)  The  transformers  and  connecting  leads.  These  behave  as  bandpass  filters  that 
limit  the  very  high  frequencies  and  the  very  low  frequencies.  If  the  secondary 
leads  are  exposed  for  significant  lengths,  however,  some  of  the  high-frequency 
spectrum  may  be  restored  by  direct  coupling  to  the  EMP. 


Fleur*  1-6  GROUND-BASED  DISTRIBUTION  TRANSFORMERS:  SECONDARY  SIDE 
AND  SERVICE-ENTRANCE  WEATHERHEADS 


(6)  The  conduit  between  the  transformers  and  the  main  circuit-breaker  panel.  If 
the  conduit  Is  steel,  the  conductors  ore  well  shielded,  but  If  partly  plastic  or 
fiber,  significant  coupling  to  the  conductors  can  occur. 


(7)  The  lead  lengths  between  the  aerial  lines  and  the  shielded  cables  and  between 
the  transformer  terminals  and  the  conduits.  The  Inductance  of  these  leads 
limits  the  rise  time  of  the  transient  propagating  toward  the  building. 


The  distribution  system  supplying  a facility  is  likely  to  be  unique  to  each  facility.  A ' 

typical  rural  distribution  system  Is  shown  in  Figure  1-7.  The  distribution  network  shown  Is  i 

that  provided  by  one  rural  electric  cooperative  serving  customers  within  a 10-mlle  radius  of  j 

Its  distribution  substation.  Note  that  there  is  a mixture  of  single-phase  service  and  3-phase  | 

l 

service,  and  the  distribution  system  Is  Interconnected  with  neighboring  systems.  Of  Interest  j 

is  the  fact  that  most  customers  are  at  the  ends  of  segments  of  transmission  line  that  are  at 
least  1000  ft  long,  and  many  are  served  by  spur  lines  over  a mile  long.  In  the  network  shown 
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in  Figure  1 -7,  only  one  3-phase  customer  is  close  enough  to  the  substation  to  be  even 
remotely  concerned  with  EMP  coupled  to  the  subtransmission  line,  Also  noteworthy  is  the 
fact  that  even  in  this  rather  sparsely  populated  service  area,  the  distance  between  branches  or 
spur  lines  is  typically  only  about  one  mile.  This  fact  is  important  In  assessing  the  buildup  of 
induced  current  propagating  into  a facility  from  great  distances,  since  spurs,  branches,  or 
bends  tend  to  limit  the  buildup  and  propagation  of  this  current..  In  more  densely  populated 
urban  and  suburban  areas,  of  course,  the  distance  between  spurs  end  branches  is  much  less 
than  that  shown  in  Figure  1-7. 

Although  the  consumer  Is  seldom  concerned  with  the  generation  and  transmission 
system,  this  part  of  the  power  system  Is  exposed  to  the  EMP  and  may  be  susceptible  to  the 
EMP-induced  transients.  The  generation  and  transmission  system  Is  shown  schematically  in 
Figure  1-8  to  Illustrate  the  hierarchy  of  the  system.  In  practice,  however,  there  are  many 
interties  at  the  transmission,  subtransmission,  and  distribution  levels,  so  that  the  transmission 
and  subtransmission  systems  form  very  complicated  networks.  These  systems  also  contain 
feedback  in  the  form  of  supervisory  control  and  relaying,  so  that  a disturbance,  (e.g.,  load 
shedding,  generator  shutdown)  in  one  pert  of  the  system  causes  changes  In  the  remainder 
of  the  system. 


1 .4  CONTENTS  AND  USE  OF  THE  HANDBOOK 

1.4.1  SUBJECTS  COVERED 

The  goal  of  this  handbook  is  to  provide  the  formulas  and  numerical  examples  neces- 
sary to  evaluate  the  principal  coupling  problems  a power-consumer  might  encounter,  and  to 
provide  some  general  Information  on  grounding  theory,  protection  techniques,  and  test 
methods,  Becati  n it  hat  been  prepared  as  a handbook,  rather  than  a treatise,  the  complete 
derivation  of  coupling  formulas  has  not  been  provided,  although  some  of  the  more  Impor- 
tant formulas  have  been  partially  derived,  and  an  attempt  has  been  made  to  provide  refer- 
ences to  sources  where  the  subjects  are  treated  in  more  detail. 
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SCALE  — - milei 


W-H 


A DISTRIBUTION  SUBSTATION 
• 3-PHASE  CUSTOMERS 

e SINGLE-PHASE  TRANSFORMER 
SERVING  ONE  OR  MORE 
CUSTOMERS 

—•7,2/12.47  KV,  3-PHASE,  4-WIRE 
DISTRIBUTION  LINE 

Hh-  7.2-kV  DISTRIBUTION  LINE 
CONSISTING  OP  TWO  PHASE 
CONDUCTORS  PLUS  NEUTRAL 

7.2-kV  DISTRIBUTION  LINE 

CONSISTING  OF  ONE  PHASE 
CONDUCTOR  AND  ONE  NEUTRAL 

■■—TRANSMISSION  LINE 


(t)  POINT  WHERE  THE  DISTRIBUTION  SVSTEM  IS  INTERCONNECTED  WITH  A NEIGHBORING  DISTRIBUTION 
SYSTEM,  THE  BREAK  CONSISTS  OF  MANUALLY  OPERATED  ISOLATING  SWITCHES  NORMALLY  IN  THE 
OPEN  POSITION, 


Flgur«  1-7  TYPICAL  RURAL  POWF.R  DISTRIBUTION  SYSTEM 


I 


Flyura  1-8  BLOCK  DIAGRAM  OF  A TYPICAL  POWER 
GENERATION,  TRANSMISSION,  AND  DISTRIBUTION 
SYSTEM 


Coupling  of  the  EMP  tu  transmission  lines  and  through  the  distribution  transformer 
and  entrance  conduits  is  covered  In  Chapters  Two,  Three,  end  Four,  The  partition  of  the 
power  system  among  these  chapters  is  illustrated  in  Figure  1-9.  Chapter  Two  contains 
formulas  and  results  for  coupling  to  aerifl  transmission  lines  and  Includes  the  effects  of 
soil  parameters  and  of  polarization  and  angle  of  incidence  of  the  EMP,  as  well  as  the 
affects  of  vertical  alements  such  as  ground  wires  and  service-entrance  conduits. 
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III  I 

CHAPTER  2 4*~CHAPTER  3-4" 4“ CHAPTER  3 4‘~“CHAPTER  B_4 

CHAPTER  4 

Figure  1-9  BREAKDOWN  OF  THE  POWER  SYSTEM  FOR  PRESENTATION  IN  HANDBOOK 

Chapter  Three  treats  the  transmission  of  the  transient  through  the  entrance  conduits, 
Included  in  this  chapter  are  transmission-line  formulas  for  passive  metal  conduit  systems  and 
for  fiber  conduits  along  which  additional  coupling  occurs.  Also  discussed  In  this  chapter  are 
the  shielding  properties  of  rigid  steel  conduit  and  tape-wound  shields.  Examples  of  the 
waveforms  delivered  to  the  load-end  of  transmission  lines  simulating  service-entrance  con- 
duits are  given  for  resistive,  capacitive,  and  inductive  loads. 

The  linear  and  nonlinear  characteristics  of  transformers  and  lightning  arresters  are 
given  in  Chapter  Four.  Although  the  data  available  on  transformers  and  lightning  arresters 
are  still  somewhat  limited,  the  trends  are  evident  and  the  bandpass  behavior  of  the  trans- 
formers and  data  on  firing  voltage  versus  time  to  fire  available  are  presented  In  this  chapter. 

Chapter  Five  discusses  some  aspects  of  coupling  through  internal  building  wiring. 
Because  the  electrical  wiring  in  a typical  building  has  extremely  complex  high-frequency 
characteristics,  detailed  analytical  procedures  for  handling  this  part  of  the  coupling  are  very 
cumbersome  and  generally  not  very  accurate.  Nevertheless,  some  general  guidelines  and  aids 
to  estimating  major  coupling  parameters  are  presented. 


Chapters  Six,  Seven,  and  Eight,  treat  grounding,  protection,  and  testing,  respectively. 
Grounding  theory  arid  practice  are  reviewed  in  Chapter  Six  in  a more  or  less  qualitative  man- 
ner, primarily  for  the  user  who  is  not  familiar  with  the  subject.  Effective  and  economical 
protection  methods  using  arresters  and  filters  are  described  in  Chapter  Seven.  Techniques 


for  evaluating  component  susceptibility  to  EMP-induced  transients  and  for  proof-testing 
facilities  are  described  in  Chapter  Eight. 


1.4.2  CONVENTIONS  USED  IN  THE  HANDBOOK 

Throughout  this  handbook  coupling  formulas  in  the  frequency  domein  and  the  time 
domain  are  used,  Because  of  its  wide  use  by  electrical  engineers,  the  Fourier  transform  has 
been  used  for  frequency-domain  representations.  The  Fourier  transform  pair,  as  used 
throughout  this  handbook,  can  be  written  as  follows: 


a v 

F(cj)  “ f f(t)e"i‘;tdt 


— f FMeiwtdu)  . 

5»r  J 


For  those  more  accustomed  to  the  Laplace  transform,  the  transition  is  very  simple  since 
the  Fourier  variable  jw  and  the  Laplace  variable  s are  interchangeable  for  all  applications 
encountered  in  this  handbook.  This  Is  apparent  from  a comparison  of  Eqs.  (1-4)  and  (1-5) 
with  the  Laplace  transform  pair: 


oo 

F(s)  = / f(t)e-stdt 


1 fi+j* 

f(t)  a — f F($)e5,ds 

2ff|  6-js« 


for  the  limiting  case  where  8 -*  0,  (However,  this  simple  change  of  variable  cannot  be  used 
for  waveforms  that  are  not  zero  tor  negative  time.) 
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The  time  dependence  of  alternating  fields,  voltages,  and  currents  used  in  the  hand- 
book is  e^1,  consistent  with  common  electrical  engineering  usage.  This  time  dependence 
is  consistently  suppressed  (by  the  Fourier  transform),  however,  so  that  the  expression  for  a 
propagating  field  that  represents 

£(t)  = E0  ei|uM  * k*! 

is  written 

EM  - E0  e-)k*  . 


The  important  effect  of  the  time-dependence  is  that  it  makes  inductive  impedances  pos- 
itive imaginary  quantities  (jwL),  and  capacitive  impedances  negative  imaginary  quantities  (~j/wC), 

The  rationalized  mks  system  of  units  Is  used  exclusively  in  the  analysis  and  formulas 
presented,  although  dimensions  and  distances  are  sometimes  discussed  in  the  more  familiar 
English  or  engineering  terms  (o.g.,  feet,  miles,  mils).  In  the  rationalized  mks  system,  the 
following  dimensions  and  constants  apply: 


Quantity 

Unit 

Abbreviation 

potential 

volt 

V 

current 

ampere 

A 

impedance 

ohm 

n 

electric  field  strength 

volt/meter 

V/m 

magnetic  field  strength 

ampere/meter 

A/m 

Inductance 

henry 

H 

capacitance 

farad 

F 

permeability 
(Mo  - 4rr  X 10'7  H/m) 

henry/meter 

H/m 

permittivity 

(et,  - 8,85  X ICT12  F/m) 

farad/meter 

F/m 

conductivity 

mho/m 
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Conventional  abbreviations  for  factors  of  10tn  are  used: 


Prefix 

Symbol 

Meaning 

pico 

P 

X 10’12 

nano 

n 

X 10‘9 

micro 

P 

X 10*° 

mllli 

m 

X 10’3 

kilo 

k 

X 103 

mega 

M 

X 106 

One  exception  to  this  convention  occurs  in  the  discussion  of  cable  sizes,  where  MCM  is 
used  to  abbi  wiate  "thousand  circular  mils," 
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Chapter  Two 


COUPLING  TO  TRANSMISSION 
LINES 


2.1  TRANSMISSION-LINE  CONFIGURATIONS 

2.1.1  GENERAL 

Overhead  lines  for  power  transmission,  subtransmission,  and  distribution  are  used  to 
carry  3-phase,  60-Hz  power  from  the  generating  stBtlon  to  the  consumer.  The  linos  may 
vary  in  length  from  a traction  of  a mile  to  hundreds  of  miles  and  may  transmit  80-Hz  volt- 
ages varying  from  a few  kilovolts  to  a few  hundred  kilovolts,  Although  it  Is  doubtful  that 
the  power  lines  will  be  damaged  by  the  EMP,  they  are  very  large,  exposed  collectors  of  the 
EMP  that  can  funnel  the  EMP  energy  Into  the  consumer's  facility,  the  substations  that  control 
line  relaying  and  load  control,  and  the  generating  stations,  A primary  consideration  In  the 
analysis  of  coupling  to  the  power  lines  is,  therefore,  the  EMP-Induced  voltages  or  currents 
available  from  the  ends  of  the  lines  that  might  affect  critical  components  In  the  terminal 
facilities  of  the  consumer  or  the  power  system.  A second  consideration,  however,  Is  the 
possibility  that  the  EMP-Induced  voltages  might  produce  insulation  breakdown  along  the 
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line  and  thereby  induce  faults  or  protective  reactions  that  cause  widespread  load  shedding  ot 
similar  responses  that  the  power  system  cannot  cope  with. 

In  this  section,  a brief  description  of  the  physical  construction  of  power  lines  and 
powerline  components  will  be  given,  The  emphasis  in  this  description  will  be  on  those 
aspects  of  the  power  lines  that  are  believed  to  be  important  in  the  coupling  and  propagation 
of  EMPdnduced  transients  - namely,  their  geometry  and  insulation. 


2.1.2  CONSTRUCTION  OF  TRANSMISSION  LINES 

Wood  pole  construction  is  used  almost  exclusively  for  overhead  distribution  lines 
that  transmit  power  from  the  distribution  substation  to  the  consumer.  Wood  poles  are  also 

very  widely  used  for  subtransmission 
pole  top  two  arm  SINGLE  arm  lines  that  carry  power  from  tha  bulk- 


(<)  SINGLE  CIRCUIT 


Figure  2-1  WOOD  POLE  CONSTRUCTION  FOR 
DISTRIBUTION  AND  SUBTRANSMISSION  LINES 


power  source  to  the  distribution  sub- 
stations. Typical  wood-pole  line  con- 
figurations for  3-phase  transmission  are 
shown  In  Figure  2-1.  The  conductors 
are  supported  on  crossarms,  on  pin  or 
post  type  Insulators,  A wood-pole  line 
may  carry  a single  3-phase  circuit  as 
shown  in  Figure  2-1  (a)  or  two  3-phase 
circuit  as  illustrated  in  Figure  2- Kb), 

Wood  poles  are  also  used  for 
transmission  lines  at  voltages  up  to 
161  kV.1,2  Typical  construction  ot  those 
lines  is  illustrated  In  Figure  2-2,  The 
conductors  are  usually  supported  on 
suspension  Insulators  at  those  voltages, 
and  at  the  higher  voltages  where  large 
conductor  spacing  is  required,  the  H- 
framo  construction  illustrated  in  Figure 
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(Ml  44  kV 


(bl  M kV 


(a)  110  kV 


Figure  2-2  WOOD  POLE  CONSTRUCTION  FOR  TRANSMISSION  LINES  AT  VOLTAGES  UP 
TO  181  kV 


2-2(c)  Is  common,  Modern  transmission  lines  des‘gned  for  lightning  protection  are  provided 

‘ 1 V ' _ 

with  ground  wires  above  the  phase  cdnriyctqrs  (it  the;  .op  bf  OOch  pole  in  the  H- frame  con- 
struction, for  example).'  These  ground  wirei  are  grbuncjed  at  each  pole  by  wrapping  several 

turns  abound  the  butt  of  the  pole 

\ 

, ground  below  the  ground  level  as  Illustrated  In 


WIRES 


Figure  2-3(a).  Grounding  at  the  pole 

t 

may  alro  be  achieved  with  a butt  plate 
attached  to  the  bottom  of  the  pole 
,tnd.  occasionally,  with  ground  rods 
driven  near  the  base  of  the  pole  as 
illustrated  in  Figures  2-3(b)  and  (c). 

High-voltage  transmission  lines 
supported  on  steel  towers  are  common 
for  bulk-powor  transmission  from 
major  generating  plants  to  utility  cus- 
tomers or  within  a utility's  power  net- 
work, 1,2  Typical  steel  tower  supports 
for  single  and  double  circuits  are  Illus- 
trated In  Figure  2-4,  Overhead  ground 
wires  for  lightning  protection  {at  the 
points  atop  the  towers  In  Figure  2-4) 
are  widely  used  on  these  transmission 


Figure  2-3  GROUNDING  METHODS  FOR  WOOD- 
POLE  LINES 


(a)  SINOLI  CIRCUIT  (b)  DOUILI  CIRCUIT 


FIbom  2-4  STEEL  TOWER  CONSTRUCTION 
FOR  TRANSMISSION  LINES  AT  VOLTAGES  OF 
69  kV  AND  ABOVE 


Impedance  of  typical  power  lines  Is  300  to  000 


lines.  Counterpoises  at  the  tower 
footings  are  used  to  minimize  the  surge 
impedance  of  the  base  of  the  tower. 
Counterpoise  and  insulation  are  de- 
signed to  permit  the  tower  or  overhead 
ground  wires  to  accommodate  a direct 
lightning  stroke  without  the  tower- 
to-phase-conductor  voltage  exceeding 
the  Insulation  flashover  voltage.  Al- 
though some  older  transmission  lines 
use  horn  gaps  or  expulsion-tube  light- 
ning arresters  to  protect  the  phase 
conductors,  modern  lightning  protec- 
tion design  relies  on  overhead  ground 
wires  and  tower  footing  counterpoises 
to  reduce  the  probability  of  flashover 
of  the  phase-conductor  Insulators. 

Some  of  the  properties  of 
wood-pole  and  steel -tower  transmis- 
sion lines  are  given  In  Table  2-1.  The 
60- Hz  transmission  voltage  Is  given  In 
the  left-hand  column,  followed  by  the 
basic  Insulation  level,  the  height  (at 
the  pole  or  tower)  of  the  lowest  con- 
ductors, the  span  between  poles,  and 
typical  transmission-line  lengths.  The 
common-mode  (zero  sequence)  surge 

ohms. 


2.1.3  TRANSMISSION-LINE  CABLE 

Conductors  for  power  lines  are  usually  stranded  cable  of  copper,  aluminum,  or 
copperweld  (copper-clad  steel),  although  the  conductors  for  the  higher  voltages  may  be  of 
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Table  2-1 

SOME  TYPICAL  PROPERTIES  OF  ABOVE-GROUND  POWER  LINES 


Voltage 

(kV) 

Basic 

Insulation 

Level 

(kV) 

— . 

Height  of  Lowest 
Conductor  (ft) 

Span 

(ft) 

Typical 

Length 

(miles) 

Type 

Wood 

Poles 

Steel 

Tower 

Wood 

Poles 

Steel 

Tower 

2.4 

45 

25-35 

_ 

160-200* 

0-3 

Distribution 

4.8 

60 

25-35 

- 

100-200* 

0-5 

Distribution 

7.2 

30-40 

- 

100-200* 

1-10 

Distribution 

12.5 

95 

30-40 

- 

100-200* 

5-20 

Distribution 

23 

150 

30-40 

- 

200* 

5-30 

8t 

34.5 

200 

40 

-- 

300* 

10-40 

Subtransmission 

69 

350 

45 

40-60 

500 

600 

25-100 

Transmission 

115 

550 

50 

40-60 

600 

700 

25-100 

Transmission 

138 

650 

50 

50-80 

600 

800-900 

25-140 

Transmission 

1 61 

750 

50 

50-80 

600 

900-1000 

Transmission 

230 

1050 

60-100 

... 

900-1000 

45-260 

Transmission 

287.5 

— 

1300 

- 

70-120 

- 

900-1000 

’loinier  spans  are  uften  used  In  rural  areas 


the  hollow  type  HH  (Hederheim)  construction,1,2  Some  typical  power  cables  are  illustrated 
In  Figure  2-5.  Coble  sizes  range  from  No,  8 AWG  (16,510  circular  mils)  for  short  lines  with 
light  loads,  to  the  equivalent  of  1,000,000  circular  mils  of  copper  for  long,  high-power  lines. 
Cahle  for  high-voltage  transmission  lines  Is  of  the  hollow  or  rope-core  construction  Illus- 
trated in  Figures  2-5<c)  through  (f)  to  give  the  coble  a larger  radius  for  a given  cross  section. 
The  larger  radius  is  required  for  high-voltage  lines  to  increase  the  corona  threshold  of  the 
conductor.  Some  of  the  larger  hollow  cables  are  over  2 Inches  in  diameter, 


2.1,4  LINE  INSULATORS 

Insulators  for  transmission  lines  are  mode  of  glazed  porcelain  and  shaped  to  provide 
long  surface  leakage  paths,  wet  or  dry.  Hardware  for  attaching  the  Insulator  to  the  supporting 
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(b)  ALUMINUM  CABLE 
REINFORCED  (ACER! 

STEEL 


(cl  STRANDED  ROPE  CORE 


Id)  HOLLOW  CORE 


structure  and  for  attaching  the  power 
conductor  to  the  insulator  are  pro- 
vided. Figure  2-6  illustrates  some 

typical  power-line  insulators.  The 

STRANDED  ,b,  JLUMINUM  CABLE^  pin-type  insulator8  shown  |p  Flg_ 

8T,,L  ure  2-6(a)  and  the  post-type  shown 

In  Figure  2-6(b)  are  used  for  distri- 
bution, subtransmission,  and  low- 
voltage  transmission  lines.  Strings 
of  suspension-type  insulators,  such 
as  those  Illustrated  in  Figure  2-8(c) 
are  used  for  all  high-voltage  trans- 
it) stranded  rope  core  id)  HOLLOW  cori  mission  lines.  Such  strings  may  be 

provided  with  Brclng  horns  and 

F"""  gmdlng  rings  on  some  of  the  older 

jEfiai  ff  Yi  transmission  lines.  As  can  be  seen 

Tl  n in  Table  2-1,  the  basic  Insulation 

. ry  level  for  transmission  lines,  which 

it)  type  hh  indicates  the  peak  1,5  X 40  ps  Im- 

pulse voltage  the  system  can  wlth- 

O stand  without  flashover,  Is  much 

higher  than  the  60-He  transmission 
voltage,  even  for  transmission  volt- 
Itt  anaconda  hollow  copper  ages  greater  than  100  kV.  This 

margin  of  safety  (on  the  transmls- 

CONSTRUCTION  slon  voltage)  permits  the  use  of 

lightning  arresters  whose  firing  volt- 
age is  considerably  larger  than  the  transmiss!on  voltage,  yet  low  enough  that  the  lightning 
arrester  fires  before  insulator  flashover. 1,2,3  On  older  transmission  lines,  expulsion-type 
lightning  arresters  were  used  along  the  line  (at  each  support)  to  protect  the  Insulators  against 
direct  strikes  to  the  phase  conductors.  Modern  transmission  lines  use  the  overhead  ground 
wire  to  protect  the  phase  conductors  against  direct  strikes  along  the  line.  Lightning  arresters 
are  then  used  only  at  the  onds  of  the  line  to  protect  the  terminal  equipment  (transformers, 
substations,  etc.).  Many  distribution  and  suhtransmlssion  lines  are  essentially  unprotected 


(«l  type  hh 


(«)  ANACONDA  HOLLOW  COPPER 

Figure  2-8  TRANSMISSION-LINE  CABLE 
CONSTRUCTION 
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against  lightning  strikes  along  the  line,  but  terminal  equipment  i»  almost  always  protected 
with  lightning  arresters. 


Ul  PIN  TYPI 


(b)  POST  TYPI 


Id  SUSPENSION  TYPE 


Flgur*  2-8  TRANSMISSION-LINE  INSULATORS 
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2.1.5  Intaraction  of  the  EMP  with  Transmission  Lines 


The  EMP  wave  induces  current  in  the  horizontal  conductors  strung  on  poles  or 
towers,  and  it  induces  current  in  the  vertical  elements,  such  as  steel  towers,  ground  wires 
on  wood  poles,  or  vertical  runs  of  cable  or  conduit  at  the  customer's  service.  It  is  in  these 
parts  of  the  transmission  line  that  the  EMP  Induced  currents  are  generated.  The  amount 
delivered  to  a particular  pair  of  terminals  depends  on  the  length  and  height  of  these  elements 
as  well  as  the  magnitude,  waveform,  and  angle  of  incidence  of  the  EMP  and  the  conductivity 
of  the  soil.  In  addition,  the  propagation  characteristics  of  the  transmission  line  and  junctions 
and  bends  In  the  vicinity  of  the  terminals  also  influence  the  manner  in  which  the  Induced 
currents  propagate  to  the  terminals.  Formulas  for  evaluating  these  effects  are  contained  in 
the  following  sections. 

The  common-mode  currents  and  voltages  induced  in  the  horizontal  conductors  are 
treated  in  Section  2,2  for  long  lines  (extending  from  the  terminals  to  Infinity)  and  for  lines 
of  finite  length,  The  currents  Induced  In  the  horizontal  conductors  usually  have  the  largest 
peak  values  and  the  longest  durations  because  they  can  propagate  in  from  great  distances, 
and  for  small  angles  of  Incidence  of  the  EMP  these  currents  can  build  up  to  large  peek  values 
(of  tho  order  of  10  k A for  the  high  altitude  EMP). 

The  currents  and  voltages  induced  In  the  vertical  elements  are  tieated  In  Section  2.3. 
For  poorly  conducting  toll,  the  current  induced  In  vertical  elements  such  as  towers  or 
ground  wires  on  poles  Is  smaller  than  that  induced  in  the  horizontal  line  (unless  the  line  It 
very  short),  but  for  highly  conducting  soils,  the  peak  current  induced  In  the  vertical  element 
may  bo  comparable  to  that  In  the  horizontal  line,  However,  the  latter  result  Is  bocause  the 
peak  current  in  the  horizontal  line  is  smaller  for  highly  conducting  soils,  rather  than  because 
the  current  Induced  in  the  vertical  element  is  larger.  The  | eak  current  Induced  In  a 10m 
high  vertical  element  by  the  high  altitude  EMP  is  typically  a few  kA, 

The  propagation  characteristics  of  transmission  lines  are  treated  in  Section  2.4. 
Included  In  this  section  are  the  attenuation  and  phase  factors  for  long,  uniform  lines  over 
finitely  conducting  soil  and  the  effects  of  bends  junctions,  line  sag,  and  some  other  devia- 
tions from  the  ideal  transmission  line.  The  topics  discussed  in  this  section  are  useful  for 
refining  the  estimates  of  induced  current  or  voltage  made  from  the  formulas  In  Sections 
2.2  and  2.3 
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Differential  coupling  to  transmission  lines  is  treatod  in  Section  2.5.  The  differential 
voltage  is  the  voltage  induced  between  the  wires  of,  say,  a single-phase  distribution  line  by 
the  EMP.  This  voltage  is  usually  considerably  smaller  than  the  common  mode  voltage 
induced  between  both  conductors  and  ground.  The  differential  voltage  is  often  of  secondary 
interest;  however,  it  may  be  necessary  for  the  evaluation  of  stress  on  insulators  and  metering 
transformers, 

Some  general  Information  on  high-voltage  propestles  of  insulators,  lightning  ar- 
resters, and  transmission  line  conductors  Is  given  In  Section  2.6,  These  data  are  useful  in 
evaluating  the  probable  effects  of  the  EMP  induced  voltages  on  the  performance  of  these 
transmission  line  components. 


2.2  COUPLING  TO  HORIZONTAL  CONDUCTORS 
2.2.1  SEMI-INFINITE  LINE 

2.2. 1.1  General  Approach 

Common-mode  (zero  sequence)  coupling  of  a plane  wave  to  above-ground 
transmission  lines  has  bean  analyzed  by  several  methods.4'17  These  Include  the  solution  of 
the  boundary-value  problem  for  a cylinder  over  a plane, B|B  the  solution  for  the  scattering  by 
a conducting  filament  over  a ground  plane,9’14  and  the  solution  for  a transmission  line  with 
a distributed  voltage  source.4,7,8  The  transmission-line  solution  Is  the  least  complicated, 
and  It  is  quite  accurate  for  EMP  transients  on  power  line  configurations.7,8  The  results 
presented  hore  will  therefore  bo  based  primarily  on  the  transmission-line  approximation. 

Two  additional  approximations  considerably  simplify  the  calculation  of 
the  current  or  voltage  induced  on  the  line  without  much  loss  of  accuracy.  The  first  is  the 
assumption  that  the  soil  behaves  as  a good  conductor  (l.e.,  o > to  e)  for  all  frequencies  of 
Interest.  The  second  Is  that  the  rise  time  of  the  incident  wave  may  be  considered  zero  If  It 
Is  small  compared  to  the  round-trip  propagation  time  between  the  wire  and  ground,  The 
latter  approximation  permits  fast-rising  two-exponential  pulses  to  be  treated  as  single- 
exponential  pulses,  The  assumption  that  the  soil  Iv'-nves  as  a good  conductor  causes  some 
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distortion  of  the  leading  edge  of  the  induced  pulse  after  the  ground-reflected  wave  returns, 
but  this  distortion  is  often  negligible  - particularly  if  the  pulse  is  filtered  by  the  service 
transformers  and  low -voltage  circuits  before  it  reaches  the  customer's  equipment. 

The  coordinate  system  used  in  the  mathematical  analysis  of  the  transmis- 
sion lines  !s  Illustrated  in  Figure  2-7.  The  angle  of  incidence  of  the  wave  is  defined  by  an 
azimuth  angle  measured  from  the  projection  of  the  wire  on  the  ground,  and  an  elevation 
angle  \p  measured  from  the  horizontal  ground  plane. 


2.2. 1.2  General  Analysis  of  Transmission-Lines 

In  the  analysis  of  the  coupling  of  electromagnetic  waves  to  above-ground 
transmission  lines  and  similar  structures,  the  source  of  the  voltage  that  drives  the  line  is 
distributed  along  the  length  of  the  transmission  line.  In  this  section  we  will  develop  the 
differential  equations  that  describe  transmission  lines  with  distributed  voltage  sources,  and 
show  general  forms  of  the  solutions  to  these  differential  equations. 

A transmission  line  with  a distributed  source  voltage  is,  by  definition,  one 
that  has  an  increment  of  source  voltage  in  each  increment  of  line  length.  An  element,  dz  In 
length,  of  such  a transmission  line  Is  illustrated  in  Figure  2-8.  Except  for  the  source  labeled 


X 


Figure  2-7  COORDINATES  DEFINING  AZIMUTH  AND  ELEVATION  ANGLES  OF  INCIDENCE 
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Figure  2-8  EQUIVALENT  TRANSMISSION-LINE  CIRCUI1 

Ez  In  Figure  2-8,  this  transmission  line  is  Identical  to  classical  transmission  lines,  and  the 
techniques  for  determining  the  Impedance  per  unit  length  Z and  the  admittance  per  unit 
length  V are  the  same  as  for  classical  transmission  lines.  The  source  term  has  been  labeled 
Ez  because  it  has  the  units  of  electric  field  strength  (V/m), 

The  coupling  calculations  are  based  on  the  assumption  that  the  height  of 
the  horizontal  conductor  over  ground  can  be  considered  small,  In  terms  of  wavelengths,  so 
that  circuit  analysis  can  be  used.  This  assumption  allows  the  low-frequency  characteristic 
impedance  of  the  line  to  be  used.  In  the  circuit  analysis,  radiation  from  the  line  and  the 
existence  of  transmission  modes  other  than  the  single  simple  TEM  mode  are  also  Ignored. 

The  differential  equations  for  the  voltage  and  current  along  the  trans- 
mission line  of  Figure  2-8  for  harmonically  varying  signals  (eiwt)  are 

dV 

T“  " Ez  - IZ  (2- la) 

dz 


dl 

— = -VY  . (2- 1 b) 

dz 


52 


By  differentiating  one  and  substituting  the  other,  the  second-order  differential  equations 
can  be  obtained: 


d2V 

dz2 


r2  V » 


dEz 

dz 


(2-2a) 


d2l  , 

72l  c -VE2  (2-2b) 

dz2 


where  72  - ZV,  Except  for  the  terms  containing  E*,  Eqs.  (2-1 ) and  2-2)  are  identical  to  the 
equations  for  the  more  classical  transmission-line  formulation.  The  solutions  to  Eqs,  (2-2) 


where 


1 (z)  - [«1  + P(z)]e->?  +[k2  +Q(z)]el'2 

(2-3a) 

V(z)  ■ Zu{[l<i  + P(z)]e">*  ~ [k2  + Q(z)]eTz^ 

(2-3b) 

e‘)'v  Ejdv 


(2-4a) 


e-?v  E,dv 


(2-4b) 


Ki  and  <2  ara  coefficients  determined  from  the  terminating  impedances  Zi  and  Z2,  at  the 
ends  of  the  line  at  z » z,  and  z * z2  (z2  > z( ),  respectively,  and  Z„  a \J~tTS  as  in  conven- 
tional transmission  lines,  Ki  and  K2  are  constants  given  by 


d2P( z2)e'Vj  - Q(z,  )o7/  = 

K,  . pyQ1 1 ^ — — 


e 7 1 - pip2e  ' 7 1 


(2-5a) 
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K2  = P2e'7Za 


PI 


Q(z,  )e7Z  1 - P(zj)e‘7Zi 


e7<Z2_l,>  - PiP2e“7Ua'Z,) 


(2-5b) 


In  which  the  reflection  coefficients  p1  and  p2  are  given  by 


2i  - Zp 
2i  + Z0 


^2 


Z2  ~ Zp 
Z2  + Zq 


(2-6) 


The  electric  field  Ez(v)  In  Eqs,  (2-4)  is  the  ‘'undisturbed"  field  that  would  exist  at  the  wire 
height  If  the  wire  were  not  there,  This  resultant  field  Is  written  E“  (h,  z)  below  to  indicate 
that  it  is  the  z-component  of  the  undiatrubed  field  at  height  h.  For  an  Incident  field  of 
amplitude  Et,  the  resultant  field  is 

E}(h,«)  « Eie-lkIC0,^°0^  (l  - R,e-lk2hlin^  sin*  cos*  (2-7a) 


for  a vertically  polarized  incident  wave  (magnetic  vector  parallel  to  the  surface),  and 

E“(h,z>  •*  E|  sin  * ^ Rhe-)2kh»ln^e-|kzco»vJCo«*  (2-7b) 


for  a horizontally  polarized  incident  wave  (electric  vector  parallel  to  the  surface).  The  phase 
Is  referred  to  the  phase  of  the  Incident  wave  at  the  wire  height  when  z - 0.  In  these  expres- 
sions k ■ cJv^aOo  Is  the  propagation  factor  for  the  wave  in  free  space,  and  Rv  arid  Rh  ate 
the  reflection  factors  for  wave  reflection  at  the  air/earth  Interface.  These  reflection  factors 
are  given  by 18, 19 


sin  * - s/c  (1  + p~)  - cos2*~ 

R„  , [ 1“... -2-8=1 

sin  * + + ‘ cos2* 

and 


er(1  + jut1  8in  * “ - cos2* 

Rv ! - (2-8b) 

Cr<1  +]7^)8in  * + v4(1  +j^>  - cos2* 
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It  i:>  convenient  to  separate  the  term  1 4 Re"ik2h*,n  & in  Eqs.  (2-7)  into 
two  parts  - one  piven  by  1 -e'>k2l'5,n  ^ that  depends  on  the  line  height  and  a phase-shifted 
term  given  by  e'lk2hs‘"  ^ (1  + R)  that  depends  on  the  properties  of  the  soil.  Here  R = -Rv 
for  vertical  polarization  and  R = Rh  for  horizontal  polarization.  For  n » toe  sin2  i/r,  the 
terms  1 + R reduce  to 


1 + 


fth  * 


2 sin  i p 


1 


Rv 


(2-9a) 


(2-9b) 


These  expressions  can  be  used  to  obtain  two  components  of  the  resultant  field  E*  (h,z) 
from  Eqs.  (2-7)  - one,  depending  on  line  height  h,  that  would  be  obtained  If  the  ground 
were  perfectly  reflecting  (I  R I * 1 ),  and  one,  depending  on  the  soil  properties  contained  in 
1 + R,  that  is,  in  effect,  a correction  term  to  account  for  the  fact  that  the  ground  is  an 
imperfect  reflector  of  the  incident  wave.  These  two  components  can  be  used  in  Eqs,  12.4), 
and  thence  in  Eqs,  (2.3),  to  obtain  two  solutions  for  the  current  or  voltage. 

The  approximations  of  line  height  small  compared  to  wavelength,  negli- 
gible radiation  loss,  and  no  non-TEM  propagation  mode  have  been  demonstrated  to  Intro- 
duce very  small  errors  In  the  results  computed  with  the  transmission-line  approximation 
given  above.  Figure  2-9,  for  example,  shows  the  current  induced  In  an  infinite  line  by  a 
step  function  E0  u(t)  of  incident  field  calculated  by  the  transmission-line  method  (dashed 
curves)  and  by  an  exact  method  (solid  curves).6,2  It  is  apparent  from  this  Illustration  that 
the  transmission-line  approximation  Is  a good  approximation  to  the  current  Induced  in  a 
wire  over  a perfect  ground  plane  even  for  the  zero-rise-time  step  function,  For  realizable 
finite-rise-time  pulses,  the  difference  between  the  exact  solution  and  the  transmission-line 
approximation  is  so  small  that  it  is  difficult  to  detect  experimentally.  The  exact  solution 
does  pr  vide  Interesting  insight  into  the  behavior  of  the  scattered  waves  before  the  structure 
"settles  down"  to  behave  as  a transmission  line.  In  Figure  2-9,  for  example,  one  can  see  the 
discontinuity  that  occurs  as  the  ground-reflected  wave  arrives  at  (2h  sin  y!/)/c,  a second 
discontinuity  when  tha  scattered  direct  we'-'t!  reflected  from  the  ground  returns  at  2h/c,  and 
a third  discontinuity  when  the  ground  -reflected  wave  scattered  from  the  wire  reflected  back 
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TRANSMISSION  LINE 
APPROXIMATION 


EXACT  SOLUTION 


Piflur*  2-9  COMPARISON  OF  THE  TRANSMISSION-LINE  APPROXIMATION  AND  THE  EXACT 
SOLUTION  FOR  THE  CURRENT  IN  A WIRE  OVER  A PERFECTLY  CONDUCTING  GROUND 
PLANE  — STEP-FUNCTION  INCIDENT  FIELD,  HORIZONTALLY  POLARIZED 

from  the  ground  arrives  at  (1  + sin  ip)  2h/c.  Subsequent  multiply-scattered  waves  have  a 
very  weak  Influence,  hut  they  eventually  bring  the  exact  late-time  response  Into  coincidence 
with  the  transmission-line  solution, 


2.2.1 .3  Open-Circuit  Voltage  in  the  Frequency  Domain 

The  open-circuit  voltage  developed  at  the  end  n<  a semi-infinite  trans- 
mission line  of  height  h above  a perfectly  reflecting  ground  ( | H I a 1 ) by  a 1 V/m  plane 
Incident  wave  is7 


V„  a cDfi/'.sP) 


where  c is  the  speed  of  light,  tu  = 2irf  is  the  radian  frequency,  t0  = (2h  sin  \p)/c,  and  D(i//,^) 
is  a directivity  function  defined  by 

, , sin  j/  cos  y?  (vertical 

~ ac  3 , polarization) 

jw  k 

(2-11) 

B »in  * (horizontal 

ac  ,3  i ...  . polarization)  ' 

~ - COS  ^ COS  * 

jw  k 

where  a and  3 are  the  attenuation  and  phase  factors  for  the  transmission  line  (for  perfect 
conductors,  3 “ k and  a ■ 0).  Although  a,  3,  and  k are  in  general  frequency-dependent, 
the  value  of  D(^,y>)  depends  primarily  on  the  angles  of  Incidence,  and  it  is  almost  independ- 
ent of  frequency  for  many  power  line  configurations,  Plots  of  the  directivity  functions  are 
shown  in  Figures  2-10  and  2-1 1 for  0/k  * 1 and  for  a/k  negligible  or  constant.  The  assump- 
tions that  0/k  * 1 and  a/k  Is  negligible  are  valid  for  finite  soil  conductivity  If  h > 6 and  the 
angles  of  Incidence  t p and  y>  are  large,  For  small  angles  of  incidence,  however,  cos  ^ cos  $ 

-*  1,  and  the  assumption  that  0 ■ k may  cause  an  overestimate  of  D(i and  thus  of  the 
Induced  voltage  and  current,  particularly  at  low  frequencies,  The  value  of  0/k  for  conductors 
over  soil  are  given  In  Section  2,4,1. 


The  correction  that  must  be  applied  to  to  account  for  the  imperfect 
reflection  from  the  soil  when  I Rh.v  I ^ 1 end  v » ue  is 


AV 


c >/»7  D W'*) 


2 e‘iuM° 
sin  \p  y/jcu 


(vertical 

polarization) 


(2-12) 


■ c-y/re  D(i^)  2 sin  ^ 


7rz~ 


(horizontal 

polarization) 


where  r9  ■ c 0/o,o  is  the  soil  conductivity  and  e0  is  the  permittivity  of  free  space, 
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(i)  OIRICTIVITV  FUNCTION  FOR  lb)  DIMCTIVITV  FUNCTION  WITH 

HORIZONTAL  POLARIZATION  CONSTANT  alk.  FOR  tfi  * 0 

(tv  nt|llglbl»l 


Figure  2*11  POASR-LINE  DIRECTIVITY  PATTERNS  FOR  HORIZONTAL  POLARIZATION. 
Sourca;  Rnf,  8. 


TIib  total  open-circuit  voltage  is  then'' 


Voc  “ + .W  - C D(v>,y!) 


1 ■ o 


0-lwto 

+ 2v^(sin  C/> ' 1 — 7p" 
ju>  v/jw 


(2-13) 


where  the  exponent  +1  is  associated  with  horizontal  polarization,  8nd  -1  is  associated  with 
vertical  polarization,  The  voltage  given  by  Eq.  (2-13)  is  caused  by  the  horizontal  component 
of  the  electric  field,  For  vertical  polarization,  there  Is  an  additional  component  of  voltage 
produced  by  the  vertical  component  of  the  el ectric  field,  Tins  component  is  discussed  in 
Section  2.3,  where  the  voltage  and  current  Induced  In  the  vertical  elements  of  the  transmis- 
sion hie  are  discussed,  Plots  of  the  open-circuit  voltage  calculated  from  Eq.  (2-13)  are 
shown  in  Figure  2-12  for  vertical  polarization  and  in  Figure  2-13  for  horizontal  polarization, 


59 


MAGNITUDE  OF  VOLTAGE  — Vj/V/m 


c 


la)  VARIATION  WITH  SOIL  CONDUCTIVITY,  a 


c 


lb)  VARIATION  WITH  ELEVATION  ANGLE,  $ 


Figure  2-12  OPEN-CIRCUIT  TERMINAL  VOLTAGE  INDUCED  IN  AN  INFINITE  TRANSMISSION 
LINE  BY  A VERTICALLY  POLARIZED  INCIDENT  FIELD  OF  1 V/m 


The  source  impedance  for  the  semi-infinite  transmission  line  is  simply  Its 
characteristic  Impedance  Z0  ■ <v/7/Y"  For  typical  power  transmission-line  configurations, 
this  impedance  deviates  very  little  fromzo,z1 


Z,|  - — log  — (h»a)  (2-14) 

2ft  a 

where  a is  the  radius  (or  effective  radius)  of  the  power  conductors  and  >?0  a sfvaU'o  is  the 
Intrinsic  impedance  of  free  space,  The  Thevenin  equivalent  circuit  of  the  transmission  line 
is  thus  the  open-circuit  voltage  givun  by  Eq.  (2-13)  in  series  with  Z0.  The  Norton  equivalent 
circuit  is  a current  source  V0C/Z0  in  parallel  wi.'  Z0. 
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2, 2. 1.4  Transient  Waveforms  for  an  Exponential  Pulse 


For  an  incident  exponential  pulse  EoC'^r  whose  Fourier  transform  is 


EM  - E0 

jw  + 1/r 


the  open-circuit  voltage  at  the  end  of  a semi-infinite  line  is 


(2-16) 


V0C(u>)  ■ E0C  D(lj/,y)) 


1 - e'lwk> 

[_  jco  (ju)  + 1/r! 


+ » v/?7  (air.  0)'1 


B-|wto 


x/JtJ (jw  H 1/t)_ 


(2-16) 


From  the  Inverse  transforms,22  the  voltage  wave*  m Is 


Voc(t)  - E0crD(^,^)  (0  < t < t0) 

■ S„erOI*,#l  Jl.-t'lr 


VTVr*  2 I 

X / e11  du  1 (t  > t0) 


(2-17) 


where  t1  * t + t0,  and  t0  “ (2h  sin  i^)/c.  The  first  term  in  the  braces  in  Ec),  (2-17)  is  due  to 
the  geometry  (lino  height  and  angle  of  Incidence)  and  is  independent  of  the  properties  of  the 
soil.  The  second  term  contains  the  effect  of  the  soil  conductivity  In  rt,  E ra/ii,  as  well  as 
geometric  effects. 


2.2.1 .5  Parametric  Variation  of  the  Open-Circuit  Voltage 

Thu  open-circuit  voltage  v0c(t)  is  plotted  In  Figure  2-14  for  both  polari- 
zations with  soil  conductivity  varying  from  10'3  to  mho/m,  The  wuveiurm  for  n n 00 
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OPEN  CIRCUIT  VOCTAGE 


VARIOUS  SOIL  CONDUCTIVITIES,  Sourer  Ref,  7, 

(re  « 0)  Is  produced  by  the  first  term  of  Eq,  (2-17)  alone,  The  deviations  of  the  other 
waveforms  from  that  for  o - °°  are  caused  by  Imperfect  reflection  of  the  Incident  wave  by 
the  ground.  The  coupling  caused  by  the  ground  effect  Is  larger  than  the  coupling  caused  by 
the  line  height  for  vertical  polarization  and  soil  conductivities  less  than  IQ'2  mho/rn.  It  is 
also  apparent  that  the  ground-effect  coupling  to  vertical  polarization  is  considerably  greater 
than  the  coupling  to  horizontal  polarization,  The  difference  Is  even  greater  than  the  wave- 
forms in  Figure  2-14  Indicate  because  the  directivity  function  D(iJ/,y>)  Is  greater  for  vertical 
polarization  than  for  horizontal  polarization. 

In  Figure  2-14  and  in  other  Illustrations  of  induced  waveforms  that  follow, 
the  amplitude  of  tho  open-circuit  voltage  is  normalized  to  D(ii/,^),  ’he  values  of  D(^,v>) 
are  shown  for  end -on  Incidence  {*p  * 0)  with  vortical  polarization  and  broadside  incidence 
* 90  degrees)  with  horizontal  polarization,  although  the  results  can  be  applied  to  any 
azimuth  angle  of  incidence  However,  because  the  ground-effect  term  depends  on 


(sin  \p)* 1 , as  well  as  on  D(i the  results  shown  are  applicable  to  only  the  30  degree 
elevation  angle  of  incidence. 

The  effect  of  line  height  on  the  open-circuit  voltage  waveform  is  illustrated 
in  Figure  2-15,  where  the  waveforms  are  plotted  for  vertical  polarization  incident  on  soil  with 
a conductivity  of  10'2  mho/m.  Also  shown  as  dashed  curves  in  Figure  2-15  are  the  wave- 
forms with  a * <»;  only  this  portion  of  the  waveforms  Is  proportional  to  the  line  height.  For 
the  soil  conductivity  of  10'2  mho/m,  the  ground  effect  is  larger  than  the  height  effect,  and 
changing  the  height  of  the  line  does  not  have  a large  effect  on  the  peak  open-circuit  voltage. 

The  effect  of  Incident  pulse  duration  (decay  time  constant)  on  the  open- 
circuit  voltage  waveform  is  illustrated  in  Figure  2-16,  where  the  optn-olrcuit  voltage  is 


Figure  2-15  OPEN-CIRCUIT  VOLTAGE  AT  THE  END  OF  A SEMI-INFINITE  LINE  FOR 
VARIOUS  LINE  HEIGHTS.  Source:  Ref.  7. 
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plotted  for  incident  pulse  decay  time  constants  of  0.25,  0.5,  and  1 .0  ps,  As  is  apparent  from 
Eq.  (2-17),  the  waveform  for  a given  soil  conductivity,  line  height,  and  angle  of  incidence 
can  be  plotted  as  a function  of  a normalized  time  t/r,  in  which  case  the  pulse  decay  time 
constant  r affects  only  the  relative  magnitudes  of  the  two  terms  in  braces  in  Eq.  (2-17). 
However,  it  is  apparent  in  Figure  2-16  that  the  pulse  duration  affects  both  the  peak  voltage 
and  the  time  required  to  reach  the  peak  value,  The  wider  the  pulse,  the  larger  the  peak 
voltage  because  the  wider  the  pulse,  the  longer  the  segment  of  line  near  the  terminals  over 
which  the  ground  effect  is  integrated.  Note  that  for  perfect  ground  (dashed  curves  in  Figure 
2-16)  the  pulsewidth  has  little  effect  on  the  peak  voltage,  and  the  open-circuit  voltage 


0 0.&  » 10‘6  10' 

time  >, 


Figure  2-16  OPEN-CIRCUIT  VOLTAGE  AT  THE  END  OF  A SEMI-INFINITE  LINE  FOR 
VARIOUS  INCIDENT  PULSE  DECAY  TIME  CONSTANTS.  Source:  Ref,  7. 
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waveform  is  essentially  the  incident-field  waveform  except  for  the  finite  rise  time  t0  * 
(2h  sin  i//)/c. 


In  Figures  2-14,  2-15,  and  2-16,  the  waveforms  for  vertical  polarization 
have  been  plotted  for  an  elevation  angle  ^ = 30°  and  an  azimuth  angle  = 0°,  while  the 
waveforms  for  the  horizontally  polarized  incident  wave  in  Figure  2-14  were  plotted  for 
\p  a 30°  and  9 90°  (broadside),  In  all  three  illustrations,  it  was  assumed  that  or/k  « 1 and 
that  «/k  is  not  frequency -dependent.  It  Is  also  important  to  recognize  that  changing  the 
angles  of  incidence  In  Eq,  (2-13)  affects  the  relative  magnitude  of  the  ground  effect  through 
the  (sin  ^z)*1  coefficient  as  well  as  affecting  the  directivity  function  D(^,i)  and  the  delay 
time  t0.  In  effect,  there  are  two  directivity  functions  - one  for  the  response  with  perfect 
ground,  D(i/z,y>),  and  one  for  the  correction  term,  (sin  i/z)*1  D(i//,^>). 


2.2.2  LINE  OF  FINITE  LENGTH 
2.2.2.1  Uniform  Plant  Wave 

The  open-circuit  voltage  Induced  at  the  terminals  of  a horizontal  trans 
mission  line  of  a finite  length  ii  as  illustrated  in  Figure  2-17  by  a uniform  piano  wave  is8 


Voc(cu)  = VocM  j[l  - .-'7  - *■>*]  - (pit  e-72«  _ e-<7  ~ |k')«] 


D(^,tp  + if) 
D(^»,y>) 


» ,£0c^,2!:r 


12-18) 
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where  V0c  « (w)  is  the  voltage  induced  in  a semi-infinite  line,  and 
7 * « + jco/c 
k'  = ~ cos  \p  COS  p 

28  - Zp 
^ Zg  + Z0  ' 

The  open-circuit  voltage  V0c  «•  M for  the  semi-infinite  line  is  given  by  Eq.  (2-13),  the 
directivity  functions  D(^,V5)  are  given  by  Eq.  (2-1 1 ),  and  the  characteristic  impedance  Z0  is 
given  by  Eq.  (2-14).  The  reflection  factor  pg  at  the  end  of  the  line  opposite  the  terminals  is 
a function  of  the  load  impedance  Zg  at  that  end  of  the  line  (see  Eq.  (2-6) ). 

When  the  line  attenuation  a is  negligible,  the  exponential  terms  In  Eq. 
(2-18)  become  of  the  form  exp  [-Ml  - cos  cos  p)  8/cl  or  exp  [-jto  28/c) , which 
transform  into  delays  in  the  time  domain.  Thus  the  open-circuit  voltage  waveform  of  the 
finite-length  line  is  Identical  to  that  for  the  semi-infinite  line  until  the  first  end-effect 
arrives  at  (1  - cos  0 cos  p)  E/c.  Between  this  time  and  28/c,  the  waveform  is  that  for  the 
somi-lnfinite  line,  modified  by  the  factor  -pg " After  28/c,  the  waveform 

repeats,  as  illustrated  in  Figure  2-18  where  the  waveform  for  a line  150  m long,  open- 
clrculted  at  bqth  ends,  and  having  negligible  attenuation,  it  shown  for  an  exponential  pulse 
of  Incident  field.  When  the  attenuation  of  the  line  Is  not  neglected,  the  abrupt  changes 
shown  In  Figure  2-18  become  more  rounded,  and  the  amplitude  of  the  oscillations  becomes 
smaller  with  increasing  time. 


Figure  2-17  TRANSMISSION  LINE  OF  FINITE  LENGTH 
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The  source  impedance  at  the  terminals  of  a line  of  finite  length  is 


1 + pve_2l,4! 

Z(0)  = Z0 (2-19) 

1 - 

and  the  short-circuit  current  at  the  terminals  is  lsc(u>)  ■ V0c(w)  / Z(0).  The  open-circuit 
voltage  given  by  Eq,  (2-18)  is  only  that  part  induced  in  the  horizontal  conductor  by  the 
horizontal  component  of  the  incident  electric  field.  If  a vertical  element  Is  Included,  the 
vertical  component  of  the  electric  field  (in  the  case  of  a vertically  polarized  Incident  wave) 
will  induce  a voltage  in  this  vertical  element,  The  voltage  induced  In  the  vertical  element  is 
discussed  In  Section  2.3. 


2.2.2.2  Spherical  Wave  at  Grazing  Incidence 

Consider  a vertically  polarized  wave  is  Incident  at  \J/  ■ \p  ■ 0,  as  illustrated 
in  Figure  2-19,  where  the  EMP  is  generated  by  a surface  burst  on  the  transmission  line  (or 
an  extension  of  the  line).  Near  the  source  point  (in  the  close-in  region),  the  radiation  from 
the  weapon  will  ionize  the  air  sufficiently  to  cause  it  to  behave  as  a conductor  {a  » we0), 
and  further  away  (in  the  intermediate  region),  the  ionization  will  be  weaker  but  still  sufficient 
to  produce  significant  attenuation  of  signals  propagating  away  from  the  source  on  the  line. 
Here  we  discuss  only  the  coupling  that  occurs  outside  these  regions,  where  the  EMP  wave 
behaves  as  a vertically  polarized  wave  propagating  outward  from  the  source  at  the  speed  of 
light. 


The  transmission-line  axis  is  assumed  to  extend  from  the  point  zj  to  the 
terminals  at  i2  > zt , as  illustrated  in  Figure  2-19,  The  wave  In  the  air  is  assumed  to 
propagate  as  though  the  ground  were  a perfect  conductor  so  that  Ex  - t?0Hv,  where  p0  Is  the 
Intrinsic  Impedance  of  free  space,  and  EK  ■ (E0e'ik*)/z.  However,  for  a finitely  conducting 
ground  there  will  be  a z-component  of  tho  electric  field  at  the  surface  whose  value  is 
E/(0,z)  ■ 7jHy(0,z),  where  rj  is  the  intrinsic  Impedance  of  the  soil,  and  J70»r?  > 0. 
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Flgur#  2-18  OPEN-CIRCUIT  VOLTAGE  WAVEFORM  AT  THE  TERMINALS  OF  A IBO-m-LONG 
LINE  OPEN-CIRCUITED  AT  BOTH  ENDS 


Flflor*  2-19  PHYSICAL  ARRANGEMENT  THAT  PRODUCES  A VERTICALLY  POLARIZED 
WAVE  WITH  END-ON  INCIDENCE 
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The  horizontal  component  of  the  field  at  the  wire  height  is7 


Ez  (h,z) 


/ n h \ E0e"ikz 

U0  2 / 


(2-20) 


where  t/0  ■ and  t;  • >/jt onJ(o  + jwe),  If  we  neglect  attenuation  of  the  wave  due  to 

losses  to  the  ground,  and  apply  a first-order  correction  to  the  field  at  the  surface  to  obtain 
the  fiei:*  at  the  wire  height.  (E0  is  the  total  vertical  eloctrlc  field,  so  that  it  corresponds  to 
2E0  in  file  space-wave  case  discussed  in  Section  2.2.1.) 


The  open-circuit  voltage  Induced  at  the  terminals  at  z ■ za  by  this 
horizontal  electric  field  Is,  from  Eq.  (2-3), 


where  7,  Z(0),  and  k are  the  propagation  factor,  the  source  impedance  given  by  Eq.  (2-19), 
and  the  free-space  phase  factor,  respectively. 

The  coupling  to  the  wire  can  be  resolved  Into  three  components  according 
to  the  nature  of  coupling:  geometric,  ground-effect,  and  phase-disparity.  If  the  wire  and 
soil  were  perfect  conductors,  then  t?  ■ 0 and  7 ■ jk,  and  the  open-circuit  voltage  on  the  wire 
at  za  would  be 


VgU2) 


Eq  h Z(Q)  e'*kla 


(1.1) 

/ r?  - 0 \ 

\za  z,/ 

\ 7 - Jk/ 

(2-22) 


The  coupling  In  this  case  is  the  geometric  component  caused  by  the  nonuniformity  in  the 
magnitude  of  the  incident  electric  field  along  the  wire,  which  causes  the  potential  at  the 
wire  height  at  z 1 to  differ  from  the  potential  at  the  wire  height  at  za. 
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If  7 = jk  and  r?  0,  we  obtain  an  additional  ground-effect  component 


Fo i/2(0)  -jki  j z j 

V„(z?)  = e log — (2-23) 

Zo'f0  z , 


which  is  caused  by  the  finite  conductivity  of  the  soil  (ij  * y^tu/u/r;).  This  component  is  the 
integral  (between  zi  and  22)  of  the  z-component  of  the  electric  field  induced  in  the  finitely 
conducting  soil  by  the  incident  wave. 

Finally,  if  7 ^ jk,  both  the  geometric  component  and  the  ground-field 
component  are  modified,  and  a third  component,  caused  by  the  disparity  in  the  propagation 
characteristics  of  the  incident  wave  and  the  induced  responses,  Is  obtained.  This  phase- 
disparity  component  Is 


E0h  2(0)  -72 2 /•* 

V(i(z2)  e (7-jk)  / 

to  ‘'J 


2 e 


(Hk)  v 


dv 


(2-24) 


which  exists  only  if  there  is  a disparity  between  the  phase  factors  of  the  incident  wave  and 
those  of  the  transmission  line. 

For  typical  soil  conductivities  and  line  lengths,  the  geometric  term  given 
by  Eq.  (2-22)  is  significant  only  at  very  low  frequencies  unless  the  line  Is  very  high  or  very 
close  to  the  source,  and  the  phase-discrepancy  term  given  by  Eq.  (2-24)  is  small  compared 
to  the  ground-effect  term  given  by  Eq,  (2-23).  The  open-circuit  voltage  induced  in  the 
transmission  line  by  an  exponential  pulse  (E0/z)e~t/r  is  thus 


(2-25) 


where  re  a e0/o,  when  phase  is  referred  to  the  terminals  at  z2. 
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for  a zero-rite-time  exponential  pulse.  For  a two-exponential  pulse  with  non-zero  rise  time, 
the  voltage  waveform  can  be  obtained  by  superposing  two  solutions  such  as  in  Eq,  (2-26), 

The  waveforms  for  single  and  double  exponential  transient  fields  are  shown  In  Figure  2-20 
for  a pulse  decay  time  constant  of  1 ps  and  soil  conductivities  varying  from  10“ 1 to  10“3 
mho/rn.  The  line  is  assumed  to  be  terminated  in  its  characteristic  impedance  at  the  end  zi 
opposite  the  terminals.  For  the  two-exponential  pulsa  (solid  curves),  tho  rise-time  constant  rr 
is  4 ns.  The  early-time  and  late-time  approximations,  which  do  not  meet  at  t ■ err,  for  the 
lower  conductivities,  have  been  joined  by  a vertical  line.  The  dashed  curves  are  the  zero  rise 
time  (single  exponential)  responses, 

The  waveforms  of  Figure  2-18  are  such  short,  hlgh-amplitude  pulses  that 
it  was  necessary  to  plot  them  on  a log-log  scale  to  view  significant  details.  Note  that  the 
peak  value  and  the  time  to  reach  the  peak  value  both  increase  as  soil  conductivity  decreases, 
because  the  more  poorly  conducting  soil  behaves  as  a dielectric  longer  and  supports  a larger 
z-component  of  electric  field  when  it  behaves  as  a conductor. 

Comparison  of  Figures  2-20  and  2-14  shows  that  the  peak  voltages  obtained 
with  end-on  Illumination  of . semi-infinite  line  can  be  much  greater  than  those  obtained  with 
oblique  illumination  of  a line  of  finite  length,  Although  some  of  the  difference  between 
these  two  cases  can  be  attributed  to  the  nonuniform  illumination,  most  of  it  can  be  attributed 
to  the  length  of  the  line.  On  the  semi-infinite  line,  the  peBk  voltage  contains  voltage  that  was 
Induced  at  a distance  ctpi</(1  - cos  i p)  away  from  the  terminals.  Therefore,  unless  the 
transmission  line  Is  straight  and  at  least  ctpk/(1  - cos  ij/>  long,  the  open-circuit  voltage  will 
nover  attain  the  peak  value  predicted  for  a semi-infinite  line.  One  should  therefore  use 
caution  in  applying  the  currents  and  voltages  predicted  for  semi-infinite  lines  with  small 
angles  of  incidence. 


NORMALIZED  VOLTAGE  V(tl 


2.2.3  RATE  OF  RISE  OF  THE  OPEN-CIRCUIT  VOLTAGE 


The  rate  of  rise  of  the  line  voltage  is  important  in  evaluating  lightning  arrester  per- 
formance and  insulation  flashover  characteristics,  For  typical  line  heights  such  that  the 
transit  time  h/c  is  large  compared  to  the  rise  time  of  the  EMP  and  small  compared  to  the 
pulsewidth,  the  rate  of  rise  of  the  voltage  in  response  to  a step-field  Is  a useful  measure  of 
the  early-time  behavior  of  the  line  voltage,  The  open-circuit  voltage  Induced  at  the  end  of 
a semi-  Infinite  line  by  a step  of  incident  field  E0u(t)  Is 

v(t)  » 2E0hihtf  (0  < t < t0)  (2-27) 

*o 


NORMALIZED  TIME,  t/r 


Figure  2-20  OPEN-CIRCUIT  VOLTAGE  AT  THE  TERMINALS  OP  A LINE  1000  m LONG 
AND  1000  m FROM  THE  SOURCE  WITH  1 Wm  INCIDENT  ON  THE  END  NEAREST  THE 
SOURCE  (20  " 300  II,  » 1000  m,  *2  “ 2000  m,  exponential  pulie),  Source:  Ref.  7. 
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where  t0  = ( 2h  sin  \j/)/c.  At  t a t0,  the  reflection  of  the  incident  wave  from  the  ground 
returns  to  the  wire  and  the  form  of  the  voltage  changes.  At  this  time,  however,  the  open- 
circuit  voltage  for  small  and  (where  D(^)  is  large)  can  already  be  2E0h,  which,  for 
typical  EMP  field  strengths  and  line  heights,  is  of  the  order  of  1 MV.  The  time  required  to 
reach  this  voltage  Is  t0  for  a zero-rise-time  step  function;  for  a finite-rise-time  EMP,  how- 
ever, the  minimum  rise  time  is  the  rise  time  rr  of  the  EMP.  The  maximum  rate  of  rise  of  the 
open-circuit  voltage  is  therefore 


For  E0  ” 5 X 104  V/m,  h - 10  m,  and  rr  » 10  ns,  the  maximum  rate  of  rise  is  100  kV/ns. 
This  rate  of  rise  occurs  for  either  horizontal  or  vertical  polarization  for  grazing,  end-on 
incidence  on  a semi-infinite  low-loss  transmission  line.  (For  vertical  polarization,  the 
maximum  net  voltage  between  the  end  of  the  horizontal  conductor  and  the  top  of  the 
vortical  element  between  the  ground  and  the  horizontal  conductor  at  t ■ t0  is  2E0h;  for 
horizontal  polarization  the  total  voltage  of  the  horizontal  conductor  Is  2E0h  and  none  Is 
Induced  In  the  vertical  element.) 

For  angles  of  Incidence  such  that  rr  < (2h  sin  i^)/c,  the  rate  of  rise  of  the  open 
circuit  voltage  is 

(2-29) 

wheie  is  given  by  Eq.  (2-11).  For  E0  ■ 5 X 104  V/m,  Av/At  * 15  D(^,y>)  kV/ns. 
Figure  2-21  shows,  for  various  constant  values  of  a/k,  plots  of  Av/At  with  vertical  polariza- 
tion incident  at  an  azimuth  angle  of  ^ ■ 0,  where  D(  ip,ip)  is  maximum  (dashed  curves)  and 
with  horizontal  polarization  Incident  at  <t  ■ where  D(^,y>)  is  maximum  (solid  curves).  As 
is  apparent  in  Figure  2-21  the  rate  of  rise  of  the  open-circuit  voltage  is  strongly  dependent 
on  angle  of  incidence,  with  the  values  approaching  100  kV/ns  occurring  only  for  small  angels 
angles  of  incidence. 
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Flour*  2-21  RATE  OF  RISE  OF  THE  OPEN-CIRCUIT  VOLTAGE  AT  THE  TERMINALS 
OF  A SEMI-INFINITE  LINE 


Although  the  initial  rate  of  rise.*  of  the  voltage  is  not  dependent  on  the  length  of  the 
line,  the  time  that  this  rate  of  rise  lasts  and  the  final  voltuge  obtained  are  dependent  on  lino 
length,  For  a line  of  finite  length  L,  therefore,  the  rate  of  rise  E0cD(^/?)  lasts  only  for  a time 

t)  a Ml  - cos^cosyd/c  (2-30) 

and  the  maximum  voltage  obtained  with  this  rate  of  rise  :s 

c , y j sin  v cos  y I (vertical  polarization)  n 

0,:  tJ  A ) sin  ((horizontal  polarization) 
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MINIMUM  LENGTH 


100 


ANGLE  OF  INCIDENCE  — ■ d»« 


Figure  2-22  MINIMUM  LENGTH  OF 
LINE  REQUIRED  TO  OBTAIN  AN 
OPEN-CIRCUIT  VOLTAGE  OF  100  kV 
WITH  60-kVm  FIELD  INCIDENT  AT 
SMALL  ANGLE 


if  ti  <t0.  If  this  open -circuit  voltage  is  quite 
small,  the  rate  of  rise  may  not  be  important 
even  though  it  is  quite  large,  Note  that  ihe 
open-circuit  voltage  is  smallest  for  the  angles 
of  incidence  that  produce  the  largest  rate  of 
rise,  Figure  2-22  shows  the  minimum  length 
of  time  required  to  develop  100  kV  at  tho 
small  angles  of  incidence  before  end-effects 
alter  the  rate  of  rise  (assuming  ti  < t0),  In 
Figure  2-22,  ■ 0 and  i ji  is  varied  for  vortical 
polarization,  and  <i  Is  varied  for  horizontal 
polarization  (l.e.,  the  angle  of  incidence  is 
for  vertical  polarization  and  sp  for  horizontal 
polarization), 

It  should  he  emphasized  that  the  rates 
of  rise  given  by  Eqs,  (2-28)  through  (2*31 ) are 
rates  of  rise  of  the  open -circuit  voltage  at  the 
end  of  a long  line,  The  actual  rate  of  rise  across 
the  terminals  of  distribution  transformers  or 


across  tho  potheads  is  much  smaller,  For 

example,  the  maximum  rate  of  rise  of  the  voltage  across  the  60  pF  hushing  capacitances  of 
three  deltu-connucted  transformers  supplied  from  a 300  ohm  line  Is 


Av  2E,jh  2X5X  104  X 10 
Al  4,C  300  X6  X 50  X 10‘12 


for  Ef)  *■  5 X 1 04  V/m  und  h 10m,  For  the  same  conditions,  tho  rate  ol  rise  of  the  volt- 
age across  three  20-ohm  shielded  cables  would  he 


Av  2E„h 

At  T, 


i_ur./3 r 2 X 6 X 104  X 10  . 2Q/3 

-o  * 2nc/3  1Q-(i  300  *■  20/3 


2,2  k V/ns 


Thus  ttie  maximum  rate  of  rise  of  the  voltage  actually  applied  to  equipment  terminals  is  of 
the  order  ot  10  k V/ns. 
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2,3  RESPONSE  OP  A VERTICAL  ELEMENT 


2.3,1  CURRENT  AT  TOP  OF  VERTICAL  ELEMENT 


Vortical  elements  such  as  ground  wires  and  service-entrance  conduits  also  interact 
with  the  incident  wave  and  therefore  have  current  inducod  in  them.  Because  only  the 
vertically  polarized  wave  has  a component  of  olectric  field  In  the  vortical  direction,  the 
vertical  elements  actively  interact  with  only  the  vertically  polarized  wave;  for  horizontally 
polarized  waves,  the  vertical  elements  behave  as  passive  impedances  with  dolay  times 
associated  with  their  length.  The  vertical  element  Is  considered  to  be  a biconlc  transmission 
line  with  its  upper  end  terminated  In  Its  characteristic  Impedance  and  its  lower  end  short- 
circuited  to  the  ground  (see  Figuro  2-23).  The  current  induced  in  the  vertical  element 
opposes  the  current  Induced  In  the  horizontal  conductor  when  \<p  I < rr/2  and  aids  it  when 
l^>l>  fr/2,  Since  the  coupling  to  the  horizontal  conductor  Is  greatest  for  1^1  < rr/2  - when 
D(iJ/,v5)  is  large  - the  current  induced  in  the  vertical  element  tends  to  reduce  the  maximum 
current  calculated  for  the  horizontal  conductor  alone. 

For  a vertically  polarized  wave  incident  at  an  elevation  angle  & on  a vertical  element 
of  height  h,  the  current  at  the  top  of  a lossless  vertical  element  will  be7,8 


Figuri  2-23  VERTICAL  FLEMENT  AT  THE  END  OF  A TRANSMISSION  LINE 
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)...,] 

•dr; 


where  tj  » 2h/c  ( 1 + sin  t),  t2  n (2h/c)ain  and  ts  - 2h/c, 


For  a vertically  polarized  wave  at  grazing  incidence  (\p  “ 0) 


. -ii-  '■'v: 


The  source  impedance  of  the  vertical  element  viewed  from  the  top  and  terminated  in  soil  at 

the  base  is 


1 

Z(h)  * Z0  — 

\ 


(2-36) 


where  p0  is  the  reflection  coefficient  at  the  base  and  losses  in  the  vertical  element  are 
negligible.  For  many  power-system  applications  it  can  be  assumed  that  the  soil  is  a perfect 
conductor,  for  which  pQ  • -1.  (For  the  impedance  of  ground  rods,  see  Section  2.3.5.)  The 
open-circuit  voltage  developed  at  the  top  of  the  vertical  element  :s 

Voc(h)  - 1(h)  |Z(h)  + z„]  (2-37) 


and  the  short-circuit  current  is 


Z(h)  + Z0 

l«(h)  - — — ,(h)  . (2-38) 

Z(h) 

A olot  of  the  short-circuit  current  at  the  top  of  a 10-m-hiyh  element  that  is  ter- 
minated he  base  by  extending  the  conductor  2 m into  the  soil  is  shown  in  Figure  2-24. 
The  base  resistance  was  calculated  from  Cq.  (2-50)  with  V ■ 2 m,  a “ I0-2  mho/m,  and 
a = 2 mm  (81  mils).  The  short-circuit  current  shown  in  Figure  2-23  is  for  a uniform 
incident  field  of  1 V/m  at  all  frequencies,  rather  than  for  the  exponential  pulse  spectrum. 

Plots  of  the  current  waveform  are  shown  in  Figure  2-25  for  \p  = 0 and  - 30s  for 
an  incident  exponential  pulse  with  a decay  time  constant  r = 1 ps  and  a riser  height  h = 10  m, 
The  waveforms  for  these  two  angles  of  incidence  are  quite  similar,  but  the  leading  edge  of 
the  waveform  for  = 30°  is  more  complex  because  of  the  difference  in  the  time  of  arrival 
of  the  upward  and  downward  traveling  current  waves  induced  by  the  direct  and  ground- 
reflected  electric- field  waves. 

It  is  noted  that  the  current  given  here  is  that  induced  in  the  vertical  element  only; 
this  current  must  be  added  to  any  current  induced  in  the  horizontal  line  with  proper  regard 
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Figure  2-24  SHORT-CIRCUIT  CURRENT  AT  TOP  OF  LOSSLESS  VERTICAL  ELEMENT 
TERMINATED  IN  SOIL  AT  THE  BASE 


i)  u ? i: a rn;  oh  i o 


n\u  u‘, 

Figure  2-25  CURRENT  DELIVERED  TO  A MATCHED  LEAD  AT  THE  TOP  OF  A VERTICAL 
RISER  BV  A VERTICALLY  POLARIZED  INCIDENT  WAVE.  Source:  Re*.  7. 
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for  sign.  The  direction  of  positive  current  in  the  vertical  element  is  toward  the  top,  while 
the  direction  of  positive  current  assumed  for  the  horizontal  conductor  in  Section  2,2  is 
toward  the  terminals.  Also  note  that  the  total  source  impedance  at  the  top  of  the  vertical 
element  is  the  sum  of  the  Impedance  of  the  vertical  element  and  that  of  the  horizontal  line. 
Thus,  for  a semi-infinite  horizontal  line,  the  total  source  Impedance  is  Z0  + Z(h)  between 
terminals  at  the  top  of  the  vertical  elements, 


2.3.2  CURRENT  AT  BASE  OF  VERTICAL  ELEMENT 

The  short-circuit  current  induced  at  the  base  of  a vertical  element  by  a vertically 
polarized  wave  incident  at  an  elevation  angle  \j/  is7'8 


'SC 


(0,u»)  = 


E0c  cos  \p 
JcoZo 


a-ju,to/2 


i - e~K;r " ■?)  i - b'Kf  * t)~ 


1 — sin  0 


-L-] 

„ju  + 1/tJ 


1 + sin  ip 


(2-39) 


for  an  exponential  pulse  E0e"t/r,  In  this  expression,  it  is  assumed  that  the  ground  behaves 
as  a perfect  conductor,  the  vertical  element  is  terminated  in  its  characteristic  impedance  at 
the  top  (a  matched  or  semi-infinite  horizontal  line),  and  the  attenuation  of  the  vertical 
element  is  negligible.  The  meanings  of  the  symbols  are  the  samB  as  in  Eq.  (2-32),  and 
tQ  ■ (2h  sin  [p)/c. 


The  waveform  of  the  short-circuit  current  at  the  base  of  the  vertical  element  is 


iic(0,t)  — 


E0cr  cos  \p 


n 


2o 

-ff  - ti  )/r 


IrlZZ 

(Li  - sin  i 


It  1 _ e-f/r- 
+ 

\j/  1 + sin  j t.  ^ o 


r - 

. t'  > 


(2-40) 


L 1 - sin  ^ 


n - eHt’  - ,2,/r1 

t'  > ti 

L 1 + sin  J t-  > ,2 
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where  t'  - t - t0/2  = t - (h  sin  i£)/c,  ti  ^--y,  and  *2  =|r  + "f-  • Time  and  Phase  are 
referred  to  the  top  of  the  element,  so  that  the  time  t and  the  phase  in  the  frequency  domain 
used  here  are  consistent  with  those  used  for  the  horizontal  lines  in  Soction  2.2  and  the 
vertical  element  in  Section  2.3.1.  Plots  of  the  short-circuit  current  are  shown  in  Figure  2-26 
for  an  elevation  angle  of  incidence  i p - 30°  and  ^ ■ 0°  (grazing  incidence). 

The  source  impedance  observed  from  the  base  of  the  element  is  the  characteristic 
impedance  Z0,  and  the  open-circuit  voltage  at  the  base  is  1^(0)  Z0.  It  is  noted  that  ltc(0) 
is  the  short-circuit  current  generated  in  the  vertical  element  only;  the  component  of  current 
or  voltage  induced  in  the  horizontal  conductor  as  given  in  Section  2.2  must  be  at.  Jed  to  these 
these  components  from  the  vertical  element  to  obtain  the  total  current  or  voltage.  It  is  also 
noted  that  the  current  in  the  vertical  element  is  positive  when  it  flows  toward  the  top  of  the 
element  (see  Figure  2-23). 


Flgurt  2-26  SHORT-CIRCUIT  CURRENT  INDUCED  AT  THE  BASE  OF  A VERTICAL  RISER 
BY  A VERTICALLY  POLARIZED  INCIDENT  WAVE 
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2.3.3  COMPARISON  OF  VOLTAGE  IN  VERTICAL  AND  HORIZONTAL 


ELEMENTS 


To  illustrate  the  relative  magnitudes  of  the  voltages  induced  in  the  horizontal  line 
and  the  vertical  element,  the  maximum  open-circuit  voltage  induced  in  the  semi-infinite 
horizontal  line  by  a unit  step  incident  field  is 


Voc  ft')  * 4h  (t  > c ) 
0) 


(2-41) 


for  a perfectly  conducting  ground  and  a vertically  polarized  wave  incident  at  \p  ■ </>  ■*  0e. 
The  maximum  open-circuit  voltage  Induced  at  the  base  of  the  vertical  element  under  these 
conditions  is 


voc  (t) 


-2h(^-)  (o««<£) 


* -2h 


(2-42) 


and  It  is  of  the  opposite  polarity, 

The  total  voltage  at  the  base  of  the  vertical  element  is,  therefore, 


(2-43) 


The  individual  components  and  the  total  voltage  wHveforms  are  9hown  in  Figure  2-27,  The 
voltage  induced  in  the  vertical  element  causes  a negative  response  for  a time  h/c  and  reduces 
the  final  value  of  the  step-function  response  of  the  horizontal  line  by  a factor  of  2.0  when 
the  soil  is  a perfect  conductor.  If  the  soil  Is  a poor  conductor,  however,  the  peak  voltage  is 
much  greater  than  4h  (see  Figure  2-14)  but  the  peek  voltage  induced  in  the  vertical  element 
is  changed  only  slightly.  Therefore  for  very  long  horizontal  conductors  over  average  or 
poorly  conducting  soil,  the  effect  of  the  voltage  induced  in  the  vertical  element  is  relatively 
less  important, 
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2.3.4  GENERAL  ANALYSIS  OF  VERTICAL  ELEMENTS 


The  cases  given  in  Sections  2.3.1  and  2.3.2  are  generally  of  widest  use  in  analyzing 
power  systems.  For  certain  special  applications,  however,  more  general  formulas  may  be 
required.  The  general  solutions  for  the  current  and  voltage  at  any  distance  x from  the  base, 
from  which  Eqs.  (2-32)  and  (2-39)  were  obtained,  are 

(2-44a> 
(2-44b) 


l(x)  - [Ki  + P<x)l e"Yx  + [k2  + Q(x)]e7K 


V(x)  - Z0{[Ki  + P(x)]e-T*  - [K2  + OMle^l 


Figure  2-27  OPEN-CIRCUIT  VOLTAGE  INDUCED  AT  THE  BASE  OF  VERTICAL  ELEMENT 
BY  A UNIT  STEP  INCIDENT  WAVE 
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where 


7 ■ v/ZY 

Zo  -%/f 

1 

/•X 

P(x)  - — 

/ Ex  M«7Vdv 

2Z0. 

'0 

1 

/*h 

Q(x)  » — 

/ Ex  (v)e‘YVdv 

2Zq  1 

'x 

(2~45a) 


(2-4Bb) 


ph  P(h)e">h  -Q(0)e?h 
e>h  -p0ph  e“>h 


K2 


f>h 


-7h 


poQ(0)  - P(h) 

e7h  -P0Ph  e"*h 


ZIP)  - Z0 
p°  * Z<0)  + Zo 


<2-46a) 


(2-46b) 


(2-47a) 


Z<h)  - Z0 
Ph  " Z(h)  + z7 


(2-47b) 


and  where  Z is  the  series  impedance  per  unit  length  of  the  biconic  transmission  line,  7 is  its 
shunt  admittance  per  un!t  length,  Z(0)  is  the  terminating  impedance  at  the  base  (x  » 0),  and 
Z(h)  is  the  terminating  impedance  at  the  top  (x  * h).  Sufficient  accuracy  for  many  engineer- 
ing applications  Is  obtained  by  letting 


r?  2h  Zh 

Z0  - — log  — a 60  log  — (2-48a) 

27t  a a 

7 * jw  v/Pofo  “ j~  (2-48b) 

c 
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where  c Is  the  speed  of  light  (3  X 10®  m/s)  a is  the  radius  of  the  vertical  element,  and  h is 
its  height.  The  current  l(x)  is  positive  when  it  flows  in  the  positive  x -direction,  and  the 
voltage  V(x)  is  positive  when  the  vertical  element  is  positive  with  respect  to  the  ground  plane. 

The  formulas  above  can  be  used  to  calculate  the  current  or  voltage  at  any  point 
0 < x < h for  arbitrary  terminal  impedances  Z(0)  (see  Section  2.3.5)  at  the  base  and  2(h)  at 
the  top,  and  for  arbitrary  field  Ex(x)  incident  on  the  vertical  element.  For  a uniform 
vertically  polarized  plane  wave  incident  at  an  elevation  angle  the  electric  field  is4, 7,8 

Ex(x)  - E|  cos  \fi  (1  + Rve-i2k*  *in*)e-ik(h-x)iln  * (2-49) 

where  E|  is  the  magnitude  of  the  incident  electric  field,  k * oJ\/Moi'o  . and  R„  is  the  reflec- 
tion factor  at  the  air/earth  interface  given  by  Eq.  (2-8b), 


2.3.5  IMPEDANCE  OF  A GROUND  ROD 

The  surge  impedance  of  a single,  short  ground  rod  of  radius  a driven  into  the  ground 
a depth  C as  illustrated  in  Figure  2-28  is4 


1 

\/2b  it 

(w  > cue) 

z(0)  * 

log  v j- 

(1!  «6) 

2trcd! 

70e  4 _ 

(«  » a) 

where  a is  the  soil  conductivity,  y0  - 1 ,781  ....  and  6 Is  the  skin  depth  In  the  soil  given  by 

6-— ysLss  (m0  - 4tr  X 10“7)  . (2-51) 

VfffyoU 

The  log  term  in  the  expression  for  impedence  Is  usually  of  the  order  of  10,  as  is  illustrated 
In  Figure  2-29,  so  that  the  surge  impedance  is  predominantly  resistive  snd  relatively 
Independent  of  frequency.  This  impedance  formula  is  based  on  the  transmission-line  model 
of  the  burled  conductor.  This  Impedance  may  be  used  for  Z(0)  in  Section  2.3.4  for  the 
terminating  impedance  at  the  base  of  a vertical  element. 
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Flour*  2-28  ILLUSTRATION  OF  A 
VERTICAL  GROUND  ROD  OF 
CIRCULAR  CROSS  SECTION 


10  frequency  — Hi 

rr  r. 

conductivity.) 


The  dc  resistance  of  a yicund  rod  is 


23 


R 


1 

2ncV 


1 


(It » a) 


(2-52) 


Plots  of  the  dc  resistance  of  a ground  rod  as  a function  of  length  are  given  in  Figure  2-30. 


2.3.8  RESPONSE  OF  HORIZONTAL  CONDUCTOR  WITH  VERTICAL  RISERS 

The  effect  of  the  vertical  elements  (risers)  on  the  finite-length  horizontal  conductor 
(see  Figure  2-31 ) is  to  add  additional  length  to  the  line  at  each  end  for  either  polarization, 
and  to  also  add  additional  current  to  the  system  for  vertical  polarization.  The  frequency- 
domain  solution  is  obtained  by  considering  the  risers  as  passive  loads  on  the  horizontal 


0 1 1 II)  HK) 


LENGTH  OF  ROD  — m 


Fleur*  2-30  VARIATION  OF  dc  RESISTANCE  OF  VERTICAL  GROUND  ROD  WITH 
LENGTH  Source:  Ref,  23. 
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/ WAVEFRONT 


Figure  2-31  TRANSMISSION  LINE  TERMINATED  WITH  VERTICAL  RISERS  AT  BOTH  ENDS 

conductor,  with  Impedances  2 1 and  Z2.  For  perfectly  conducting  ground,  these  imped- 
ances are: 


where  u\  and  pj  are  the  reflection  coefficients  at  the  base  of  the  risers.  The  reflection 
coefficients  and  p2  in  Eqs.  (2-5)  are  then  given  by 


Thus,  in  Eqs,  (2-5),  the  term  p^e'2"1  c becomes  pt,  p^e'27^*  When  these  quantities 
are  substituted  into  Eq,  (2-3a),  the  expression  (or  the  horizontal  conductor  with  passive 
risers  becomes:8 


Eisiny><1  4 Rhe“i2khiM) 

!(h,0) (1  -^e-2>h) 

2Zn 


X 


1 _ e-(-Hkcoii|i  coi^IH 
7 - jk  cos  \p  cos  \f 


+ p*e-27l«+h) 


1 _ 0<7  + ikcos^coi^)V* 
7 + Jk  co»  i p cos  $ 


X 


1 4p'p^e-27(V  + 2hl  + (p-p^2e-47(H2h)  + 


(2-55) 


Note  that  the  effect  of  these  substitution*  has  been  to  inject  the  27h  phase  shifts  at  the 
proper  point  to  account  for  the  round-trip  propagation  times  of  the  vertical  risers, 


For  a vertically  polarized  incident  wave  the  current  induced  in  the  risers  by  the 
vertical  component  of  the  electric  field  must  be  superimposed  on  that  induced  In  the 
horizontal  conductor  by  the  horizontal  component  of  the  field,  For  an  Incident  signal,  the 
current  at  the  top  of  the  riser  at  z - 0 con  be  shown  to  be: 


Ej  cos  & e'lkhlln^  1 -p,.e‘27<h+v> 
l2(h,0)  „ ! : 

2Z0  e7tl  1 -p',p^e'27(2hH’> 


( e(7  + |ksimJdh  _ | e(7-|k»M)h  _ ^ 

X + (2-00/ 

| 7 + jk  sin  \j/  7 - jk  sin  \p 

’e-(7-)kiln^)h  _ ^ e-(7  + |k»lm(/  )h  ..  j 

Z(_  7 - jk  sin  i//  7 + jk  sin 

The  form  of  the  current  1 1 (h,-lf)  at  the  top  of  the  riser  at  z * -Vi  is  the  same  as  in 
Eq.  (2  -66), (with  and  p'2  interchanged),  but  it  contains  a phase  factor  el^coiyicoii/'  to 
account  for  the  phase  difference  between  the  wave  at  (h, -V)  and  the  wave  at  (h,0).  This 
current  must  be  transferred  to  the  other  end  of  the  horizontal  conductor  before  it  is 
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combined  with  i2(h,0)  and  l(h,0),  given  by  Eqs.  (2-55)  and  (2-56),  respectively,  The  current 
at  (h,Q),  induced  in  the  riser  at  z = -U,  wilt  be 


ll 


' a-(7-Jkiln0)h  _ | e-(y-jkiin^)h  _ } 

1 -y-jksin^  7 + jksln^  J) 

The  total  current  at  (h,0)  from  the  horizontal  conductor  and  the  two  risen  Is  then 

lt(h,0)  - l(h.O)  + li(h,0>  - l2(h,0)  (2-58) 

In  which  I2 (h,0)  carries  a negative  sign  because  of  the  convention  for  the  direction  of 
positive  current  in  the  risers,  The  current  at  (h,0)  produced  by  each  element,  and  the  total 
current  caused  by  all  three  elements,  are  plotted  In  Figure  2-32  for  an  incident  step  function 
E0u(t)  that  is  vertically  polarized.  The  earlier  conditions  that  7 * jk,  p\  m p'^  * -1 , ^ ■ 1 j/m 
30°,  Rv  ■ 1,  and  t!  ■ 2h  are  assumed,  and  only  the  first  cycle  of  the  response  is  plotted. 

From  Figure  2-32  it  is  apparent  that  the  current  induced  in  the  risers  Is  considerably  greater 
than  that  Induced  In  the  horizontal  conductor,  and  even  though  the  currents  oppose  each 
other,  the  net  current  is  considerably  larger  than  that  induced  in  the  horizontal  conductor 
by  the  vertically  polarized  wave.  Notice  that  the  vertical  scale  In  Figure  2-32(e)  is  twice  as 
large  as  the  scale  used  in  Figures  2-32(b),  <c),  and  (d). 


E|  cos  ^ *“ikhsln^ 

(h,0)  * ejktico*^coi^. 

2Zo 


(1  -/>ie-2*h) 


( 9(r+jksin^)h  _ \ e(y-jkiln^)h  „ j 

1 + Rv 

( 7 + jksin  7-  jk  sin  \p 


(2-57) 


2.3.7  PERIODICALLY  GROUNDED  LINE 

Consider  a periodically  grounded  line  as  shown  In  Figure  2-33(a)  with  a height  h and 
a spacing  between  vertical  ground  leads  of  The  line  extends  to  Infinity  at  the  left,  and  we 
will  assume  that  7 end  Z0  are  the  same  for  the  vertical  leads  and  the  horizontal  conductors, 
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(•)  PERIODICALLY  GROUNDED  LINE 


lot  EQUIVALENT  LOADS  FOR  ONE  SEGMENT 


Flgura  2-33  STEPS  IN  THE  ANALYSIS  OF  A PERIODICALLY  GROUNDED  TRANSMISSION 
LINE 
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We  wish  to  determine  the  Norton  equivalent  current  source  represented  by  the  semi-infinite 
periodically  grounded  line  to  the  left  of  the  terminals. 

In  Figure  2-33(b)  the  right  -hand  loop  formed  by  the  last  two  ground  leads  and  the 
horizontal  conductor  between  them  is  redrawn,  and  in  Figure  2-33(c)  the  pertinent  admit- 
tance and  transmission-line  lengths  required  to  obtain  the  source  admittance  are  shown.  The 
source  admittance  looking  into  the  terminals  in  Figure  2-33(c)  is  Yr  In  series  with  Yl,  where 
Yr  is  the  input  admittance  at  the  ground  lead  and  Yl  is  the  input  admittance  of  the  trans- 
mission line  of  length  8 terminated  in  Yr  + Yl-  If  Y0  ■ 1/20  is  the  characteristic  admittance 
of  the  vertical  and  horizontal  conductors  (with  ground  as  the  second  conductor  in  each  case), 
the  impedance  Yr  of  the  ground  lead  is 


Yr 


Y,  1 - V2,h 

■ — — ' IS  - ' — ■ 

Y°  1 + p e"2**1 


(2-59) 


where  pg  is  the  reflection  coefficient  at  the  base  of  the  ground  lead  given  by 


Zg  - Z0 

p a 

8 Zg  + ZO 


(2  bO) 


where  Zg  is  the  impedance  of  the  ground  connection  at  the  base  of  the  ground  lead. 
The  admittance  Yg  at  the  terminals  is  given  by 


Yg  1 - pe‘2^fi 

Yq  i + pe-2”^ 


(2-61) 


where  p is  the  reflection  coefficient  at  the  left  end  of  the  circuit  of  Figure  2-33(c).  It  is 
given  by 


Yq  - (Yg  ♦ Yr)  1 - (YL  + Yr) 
Yq  + (Yg  + Yr)  " 1 + (YL  + Yr) 
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Substituting  this  value  into  the  expression  for  Yl  gives 


1 - e'2?®  + (1  +e-2yv)  (Yt  + YR) 
1 + e'2?®  + (1  -e"2?®)  (Yl  + Yr) 


(2-63) 


which  can  be  solved  for  Yl  to  give 


Yl 


* 


1 1+e-2A 

YRi_e-2?K/_ 


(2-64) 


The  positive  sign  is  evidently  the  correct  choice  if  realizable  admittances  are  to  be  obtained. 
The  total  source  admittance  at  the  terminals  Is  then 


YlYr  . 

Y 

Yn  Y1  + Yr 

" Y0 

(2-65) 


Consider  now  the  circuit  of  Figure  2-33(d)  which  shows  the  equivalent  sources  of 
the  last  two  ground  wires  !r  and  lri  and  of  the  transmission  line  to  the  left  of  the  second 
ground  wire  I li  ■ Suppose  we  replace  the  ground  wire  on  the  right  by  a perfect  short  circuit. 
Then  the  short-circuit  current  at  the  terminals  will  consist  of  the  current  delivered  by  the 
sources  I li  end  lri  through  the  length  £ of  line  plus  the  short-circuit  current  l«  induced  by 
the  incident  wave  In  the  length  £ of  horizontal  line.  The  current  delivered  to  the  left  end  of 
the  circuit  by  the  sources  Ili  and  lfi  is 


!<-£> 


(In  + lri) 


Yl 

Y»  + Yr  + Y| 


(2-66) 


where  Y|  Is  the  input  admittance  of  the  transmission  line  of  length  £ that  is  short-circuited 
at  its  terminals.  That  is, 


Yi 


Y0 


1 + e"27® 
1-e'27® 


(2-67) 
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The  short-circuit  current  l|_  at  the  terminals  is 


lL  = »<-«) — + It  (2-68) 

1 +e‘2^ 


which  is  obtained  by  transforming  the  current  I (-8)  to  the  right  end  of  the  line  and  adding  to 
it  the  current  Is  Induced  in  the  line  by  the  incident  wave.  Now  because  the  line  is  semi- 
infinite  in  length,  the  current  II  differs  from  the  current  lu  only  by  the  phase  of  the  inci- 
dent wave  arriving  at  the  terminals  relative  to  Its  phase  at  the  next-to-the-lest  ground  wire. 
Similarly,  lr  and  lri  differ  only  by  this  phase.  Thus, 


In  - Ire?8'  - lre78  C0‘  * 001  * 
I Li  * Ilc78' 


(2-69) 


and 


IM)  - dL  + lr)e78'- 


Yi 


Y(i  + Yr  + Y| 

Substituting  this  value  into  the  above  expression  for  II  gives 

Y|  2e-7<8-8’> 


It  “ (II  + M 
which  can  be  solved  for  It  to  obtain 

l«  + 


lL 


1 - 


Ys  + Yr  + Y, 

1 + e-278 

Y| 

2e"718  -8'1 

| 

'r  Y«  + Yr+Y( 

1+e-27« 

Yi 

2B-7(«  -«'» 

Ys  + Yr  + Y| 

1+e“278 

+ Is 


(2-70) 


(2-71) 


(2-72) 
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If  we  now  recall  that  the  right-hand  ground  lead  has  finite  admittance  Yr  and  a 
source  lr,  we  can  combine  these  with  II  and  its  source  admittance  Y y to  obtain  the  short- 
circuit  I sc  at  the  terminals: 


llVr  - lr  Ylt 
Y(i  + Yr 


(2-73) 


The  Norton  equivalent  source  that,  replaces  the  periodically  grounded  line  to  the  left  of  the 
terminals  is  then  the  cuVrent  I*.  of  Eq.  (2-73)  with  a shunt  admittance  Y given  by  Eq. 

(2-65).  The  current  sources  lt>  and  lf  are  obtained  from  the  analysis  of  horizontal  and 
vertical  conductors  of  finite  length.  The  current  K>  is  the  short-circuit  current  Induced  in  a 
horizontal  line  of  length  8 terminated  in  a short  circuit  at  the  right  end  (z  * 0)  and 
terminated  in  the  impedance  1/(Yt  + Yr)  at  its  left  end  (z  ■ - 8).  tv  can  be  obtained  from 
Eq.  (2-18)  by  multiplying  V0o(cj)  by  Y«.  The  current  lr  is  the  short-circuit  current  at  the 
top  of  a vertical  conductor  of  height  h that  is  terminated  in  an  Impedance  Zfl  at  its  base 
(x  “ 0).  The  current  lr  is  given  by  Eqs.  (2-38)  and  (2-32)  when  Z(h)  - 1/Yf.  The  Impedance 
Z9  may  be  calculated  from  Eq.  (2-50). 

The  magnitude  of  the  open-circuit  voltage  induced  in  one  horizontal  segment  Is 
shown  in  Figure  2-34  for  1 V/m  Incident  at  30°  elevation  and  0°  azimuth  angles.  Note  that 
at  low  frequencies,  the  open-circuit  voltage  Is  roughly  2E0h,  If  E0  is  the  magnitude  of  the 
incident  field.  Peaks  and  valleys  associated  with  the  resonant  lengths  and  with  the  line 
height  are  also  evident. 

The  short-circuit  current  and  source  admittance  at  the  end  of  the  semi-infinite, 
periodically  grounded  line  are  shown  in  Figure  2-35,  Again  the  periodicities  of  the  segment 
length  and  line  height  are  evident,  but  these  are  commingled  in  such  a way  that  It  Is  more 
difficult  to  relate  cause  and  effect.  It  is  apparent,  however,  that  the  source  admittance  is 
between  a few  tenths  of  a mho  and  a few  mhos.  Therefore,  the  periodically  grounded  line 
does  have  a low  source  Impedance  compared  to  the  ungrounded  line.  In  addition,  a com- 
parison of  the  magnitude  of  the  short-circuit  current  with  that  of  an  ungrounded  line 
(e.g..  the  open-circuit  voltage  of  Figure  2-12  divided  by  a characteristic  impedance  of  a 
few  hundred  ohms)  indicates  that  the  mean  currents  are  of  similar  magnitudes  to  within  a 
factor  ol  2 or  3.  The  peak  short-circuit  currents  of  the  periodically  grounded  line  are 
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Figura  2-34  OPEN-CIRCUIT  VOLTAGE  AT  TERMINALS  OF  FINITE  HORIZONTAL 
TRANSMISSION  LINE 


considerably  larger  than  the  mean,  however,  so  that  selected  frequencies  in  the  pulse  spectrum 
will  be  more  strongly  coupled  to  the  periodically  grounded  line, 


2.4  TRANSMISSION  PROPERTIES  OF  POWER  LINES 

2.4.1  ATTENUATION  AND  PHASE  CHARACTERISTICS 

The  propagation  of  a signal  along  a wire  over  earth  of  finite  conductivity  has  been 
analysed  by  Sunde.23  The  propagation  constant  y Is  given  by 

7 “ jk  H(jw)  ■ a + 10  (2-74) 
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where  k * w/c  is  the  frea-space  propagation  constant,  c is  the  velocity  of  light  in  vacuum, 
and  H(jw)  is  a function  that  contains  the  earth  and  the  line  parameters.  The  function  H(jw) 
is  given  by 


T / 2h\"1  / 1 + (jwrh)  1 

H(jw)  - 1 + (log — ) ( log 

L V *'  ' (iwrh)'/2 


1/2 


(j«ra) 


~ ) 

i 1/2  / 


1/2 


(2-75) 


For  most  cases  of  interest  the  second  term  on  the  right  is  small  compared  to  1 so  that 


H(jw)  a 1 + 1/2  (log 


7>"( 


1 + (ju>rh)1/2 


log + 

(jwrh)1/2  (jwr,) 


Tw)  ,2-761 


where 


Th  " 


poh2 


r,  ■ po |B‘ 


and  h Is  the  line  height  over  ground,  a Is  the  line  radius,  p Is  the  permeability,  a is  the  soil 
conductivity,  and  0|  Is  the  wire  conductivity.  The  terms \/jwrh  end's/) cut,  may  be 
recognized  as  complex  and  related  to  the  line  height  h and  conductor  radius  a normalized  to 
the  appropriate  skin  depth,  since 

“~(1+J),  5 - soil  skin  depth  ■ (2-77a) 

^ a / copc/jv 

\ZiuJr,  "“(1+J),  5|  ■ wire  skin  depth  *( — - (2-77b) 

The  values  of  rh  are  plotted  as  a function  of  soil  conductivity  and  line  height  in  Figure  2-36. 

If  the  complete  expression  for  7 is  manipulated  to  extract  the  attenuation  and  phase 
constants  separately,  rather  simple  expressions  result  when  the  wire  loss  Is  neglected: 


(2-78a) 
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(2-78b) 


The  attenuation  constant  a calculated  from  Eq.  (2-78a)  is  shown  in  Figure  2-37  as 
a function  of  frequency  for  various  values  of  the  time  constant  rh  - n0  oh2,  and  the  normal- 
ized attenuation  constant  and  phase  constant  are  shown  in  Figure  2-38.  For  a typical  soil 
conductivity  (o  ■ 10-2  mho/m)  and  line  height  (h  - 10m)  the  value  of  Th  Is  about  10'6 

(see  Figure  2-36),  so  that  0/k  and  a/k 
are  not  strongly  dependent  on  frequency. 


to"4  10'3  10"2  10"’ 

SOIL  CONDUCTIVITY,  0 — -nho/m 


The  asymptotic  behavior  of  a 
when  h/S  is  very  small  and  very  large 
compared  to  1 illustrates  how  the  line 
and  soil  parameters  affect  the  early-  and 
late-time  solutions,  When  h/6  « 1,  the 
inverse  tangent  term  reaches  a constant 
value  of  7r/4.  Therefore 


k»r 


a 


8 log 


2h 


(2-79) 


for  late  times  (low  frequencies).  For  this 
condition,  a is  independent  of  a and  only 
weakly  dependent  on  h through  the  log 
2h/a  term;  a Is  linearly  dependent  on 
frequency. 

When  h/6  » 1,  the  inverse  tan- 
gent term  reaches  1/(2h/6)  so  that 


Figure  2-36  TIME  CONSTANT  rh  AS  A 
FUNCTION  OF  SOIL  CONDUCTIVITY 
AND  LINE  HEIGHT  h 
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4h/6  log  — 


(2-80) 


Figure  2-37  ATTENUATION  CONSTANT  a AS  A FUNCTION  OF  FREQUENCY  FOR 
VARIOUS  LINE  HEIGHTS  AND  SOIL  CONDUCTIVITIES 


for  early  times  (high  frequencies),  Under  these  conditions  a varies  with  r r1/2  and  with  f1/2. 
In  addition,  u is  inversely  proportional  to  h when  the  variation  of  log  2h/a  is  neglected. 


A good  analytic  approximation  for  all  frequencies  is 


8,2  X 10'9  f 

a nepers/m.  (2-81) 

loo~  H + 1 47  h/6 1 

O 
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The  step-function  response  of  a line  has  also  been  calculated  by  Sunde,  Although 
there  is  no  closed-form  solution  for  all  times,  an  analytic  solution  may  be  found  for  both 
early  times  and  late  times,  where  the  distinction  between  early  and  late  times  depends  on 
the  value  of  h/6.  If  h/5  » 1,  the  early-time  solution  is  appropriate;  if  n/S  « 1,  the  late- 
time solution  is  appropriate. 

For  early  times,  the  current  at  a point  z down  the  line  normalized  to  the  current  at 

z = 0 is 


where 


(2-8; 


'Tl  T. 


V^T  = — 


v^h  + 


For  most  cases,  ra  » rh  so  that  r,  ^ rh.  The  transform  of  this  expression  for 
current  when  a step  function  of  current  is  introduced  at  z = 0 is 


IU,t) 

K0,t+) 


* erfc 


c t, 


1/2 


(2-8 


for  early  times,  where  erfc  (z)  = complementary  error  function  of  z,  and  tz  = t - z/c, 
For  late  times  the  normalized  current  in  the  frequency  domain  is 


iz 


The  time-domain  solution  with  stop-function  input  is 


l(z.t) 

l(0,t+) 


4c  tz  log^ 


(2-85) 


for  late  times. 

For  many  cases  2(tz/7rrJ)1^  « 1,  which  further  simplifies  the  solution.  Note  that 
for  late  times  the  response  is  independent  of  the  value  of  soil  conductivity  and  only  weakly 
dependent  on  the  height  above  ground  through  the  logarithmic  term  in  h/a.  This  contrasts 
with  the  early-time  solution,  which  is  a function  of  both  a and  h. 

Figure  2-39  shows  the  wave  front  of  a unit  step  function  after  It  has  traveled  a dis- 
tance of  10  km  (6.2  miles)  along  conductors  of  1 mm  and  1 cm  radii,  when  the  earth 
conductivity  is  10"2  mho/m. 
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Figure  2-39  WAVE  FRONT  OF  UNIT  STEP  CURRENT  AFTER  PROPAGATION  FOR  A 
DISTANCE  OF  10  km  (6,2  miles)  ALONG  COPPER  CONDUCTORS  OF  1 mm  AND  1 cm 
RADIUS,  Soil  conductivity  » 10_2  mho/m,  Height  on  conductor,  h ■ 10  m,  Source: 

Ref.  23. 
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Figure  2-40  shows  the  wave  front  for  various  soil  conductivities  for  a conductor  of 
1 mm  radius.  The  curves  show  that,  for  perfectly  conducting  soil,  the  wave-front  distortion 
due  to  the  conductor  resistance  is  small  compared  to  that  resulting  from  the  finite  con- 
ductivity of  the  soil. 


2.4.2  JUNCTIONS  IN  TRANSMISSION  LINES 

When  a transmission  line  branches  into  two  lines  or  when  a spur  line  is  connected  to 
a main  line,  an  obvious  discontinuity  in  high-frequency  characteristics  of  the  line  is  formed. 
The  feed  line  and  the  two  branches  may  be  treated  as  transmission  lines  having  individual 
characteristic  Impedances  (which  may  be  equal  If  the  line  heights  and  effective  radii  are  the 
same)  and  propagation  factors.  Near  the  junction,  however,  there  will  be  mutual  coupling 
among  the  three  lines.  The  treatment  of  transmission-line  currents  and  voltages  in  the 
vicinity  of  branches  or  junctions  has  been  analyzed  for  junctions  forming  tees  and  crosses  by 
King24  for  the  case  where  the  lino  height  is  small  compared  to  a wavelength.  No  theoretical 
analysis  is  available  for  the  power-line  EMP  case  where  line  height  is  greater  than  one  wave- 
length; however,  experimental  determination  of  the  reflection  and  transmission  characteristics 
of  symmetrical  junctions  have  been  made.7 


TIME  — jUi 

Fleur*  2-40  WAVE  FRONT  OF  UNIT  STEP  CURRENT  AFTER  PROPAGATION  FOR  A 
OISTANCE  OF  10  km  (6,2  mile*)  ALONG  A COPPER  CONDUCTOR  OF  1 mm  RADIUS 
AT  A HEIGHT  OF  10  m,  FOR  VARIOUS  SOIL  CONDUCTIVITIES.  Source;  Ref.  23. 
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For  a symmetrical  wye  junction,  such  as  that  illustrated  in  Figure  2-41,  of  a long 
feed  line  with  two  long  branch  lines,  the  branch  lines  can  be  considered  as  two  loads  of 
impedance  Z0  in  parallel  at  the  end  of  the  feed  line  If  mutual  coupling  is  neglected.  The 
current  reflection  coefficient  and  current  transmission  coefficient  are  then 


I ref  20  - Zl 

' 'inc  Z0+ZL 

(Zl  - Z0/2) 
3 

Itrans  2Z0 

xt  ■■  ■■■»—  ■ ■ a ... 

line  Z0  + ZL 
-■J  (ZL  “ Z0/2) 


(2 -86a) 


(2-86b) 
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where  r(  indicates  the  total  current  transmitted  to  both  branches.  The  characteristic  imped- 
ance is,  approximately, 


Zo 


t)  2h 

—-log  — 
2v  a 


where  h is  the  line  height  and  a is  the  effective  radius  of  the  line  for  common-mode  (zero 
sequence)  propagation.  The  load  impedance  Zl  represented  by  the  two  branch  lines  in 
parallel  is  Z0/2  if  the  lines  are  very  long  (In  comparison  to  the  pulsewidth  cr)  or  are  termin- 
ated in  their  characteristic  ! *vedance.  For  the  symmetrical  junction,  therefore,  2/3  of  the 
incident  current  is  transmitted  to  each  branch  line.  If  h and  a are  different  for  each  line,  the 
load  impedance  will  be  Zl  “ Zoi  Z02/<Z01  + Z02).  vyhere  Z0i  and  Z„2  are  the  characteristic 
impedances  of  the  individual  branch  lines,  and  the  total  transmitted  current  will  be  divided 
between  the  branch  lines  accordingly. 

The  effect  of  mutual  coupling  between  the  branch  lines  of  a symmetrical  wye 
junction  can  be  estimated  from  the  characteristic  impedance  of  two  wires  over  ground  given 
by21 


z»  • ^[t(’ *(7>H  *-87' 

where  h is  the  height  of  the  lines,  a is  their  effective  radius,  and  d is  the  spacing  between 
conductors  (see  Figure  2-42).  Note  that  when  the  lines  are  very  far  apart  (d  » 2h),  the 
common-mode  impedance  of  the  two-wire  line  is  half  that  of  an  isolated  single-wire  line, 
whereas  when  the  lines  are  very  close  together  (d  =»  a),  the  common-mode  Impedance 
approaches  that  of  isolated  single-wire  line. 

The  reflected  and  transmitted  signals  have  been  measured  at  symmetrical  junctions 
on  scale  models.7  The  line  configuration  and  results  are  shown  In  Figure  2-43.  The  line 
height  used  was  40  ft,  or  six  times  the  equivalent  length  of  the  rise  time  (LBq  ■ crr|W), 

If  two  lines  forming  a symmetrical  junction  are  considered  as  two  lines  of  character- 
istic Impedance  Z0  in  parallel  and  fed  by  a single  input  line  of  Z0,  then  the  reflection  coeffi- 
cient would  be  0.33  and  the  transmission  cuefflclent  would  be  0,667  at  the  junction.  These 
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values  are  indicated  in  Figure  2-43.  The 
experimental  results  show  that  this  model 
accurately  reflects  the  interaction  at  the 
junction  when  the  junction  angle  is  large. 
However,  when  the  angle  is  small,  the  junc- 
tion lines  are  more  tightly  coupled  to  each 
other,  making  the  net  impedance  closer  to 
Z0.  This  reduces  the  reflection  and  trans- 
mission coefficients.  The  reflection  coeffi- 
cient is  shown  In  Figure  2-43  for  early 
times  (-20  ns)  and  for  late  times  (-1 70  ns). 
At  early  times  the  reflection  coefficient  is  much  lower  than  would  be  expected  from  the 
uncoupled  branch  lines  of  characteristic  impedance  Z0.  in  the  limit  at  0 -*  0,  the  value  of 
Z0  beyond  the  junction  almost  equals  the  value  of  Z0  for  the  input  line,  resulting  in  only  a 
very  small  reflection.  This  is  shown  as  the  dashed  portion  of  the  early-time  curve  from 
0 ■ 0°  to  0 ■ 22.5°.  It  is  apparent,  however,  that  the  assumption  that  the  branch  lines 
behave  as  independent  isolated  lines  gives  a good  approximation  to  the  reflected  and  trans- 
mitted currents  if  the  branch  angle  is  of  the  order  of  90°  or  greater. 


ir~ | 
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Figure  2-42  TWO-CONDUCTOM  TRANS- 
MISSION LINE  OVER  GROUND  PLANE 
(common-mode  excitation) 


2.4.3  BENDS  IN  POWER  LINES 

The  signals  coupled  to  the  power  lines  will  not  always  propagate  straight  to  the  load. 
In  this  section,  theoretical  and  experimental  results  for  propagation  of  signals  around  bends 
are  presented.  Analysis  is  usually  restricted  to  the  case  where  the  line  height  is  small  com- 
pared to  the  wavelength.  Howevor,  experimental  measurements  have  been  made  to  see  if 
significant  deviations  from  theory  could  be  found  when  the  line  height  was  comparable  to 
the  wavelength. 

King  has  treated  a simple  bend  in  a two-wire  line  when  0h  « 1 using  the  geometry 
shown  in  Figure  2-44. 24  His  analysis  shows  that  the  bend  has  the  effect  of  lowering  the 
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0 20  40  60  80  100  120  140 

JUNCTION  ANGLE,  0 — deg 

Figur*  2-43  REFLECTION  AND  TRANSMISSION  COEFFICIENT  AT 
JUNCTION,  WHERE  h - 40  ft.  Source:  Ref.  7. 

160  1 BO 

A SYMMETRICAL 

■ 

inductance  L(w)  and  capacitance  C(w)  per  unit  length  of  line  in  the  region  around  the  bend, 
The  valuec  of  L(w)  and  Clw)  are 

; 

Ho 

Uw)  ■ — (K  - F t (w)  + F?(w)  cos  0) 
2rr 

(2-88a) 

1 

2 no 

C(w)  * 

K - F,(w)  + F2(w) 

(2-88b) 

where 

2h 

K a 2 log  — 
a 

(2-89) 
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L .. 

J 

(2 -90a  I 


F t (w) 


log 


w + ^/wz  + (2h)^ 

/ v ~r~ 

w yw4  + a 


F2M 


w cos  0 + v/w^  + (2h)Z 
log — - •■-  - 

w cos 0 + >/w^  + a2 


(2a  < 2h  « c/f) 


(2-90b) 


and  w is  the  distance  from  the  bend. 


Because  the  characteristic 
impedance  Z0  * \/Uw)7cIw)  and 


the  propagation  factor  7 ■ >/Uw)  C(w) 
depend  on  the  inductance  and  capa- 
citance per  unit  length,  both  are 
affected  by  tho  changes  in  L and  C 
In  the  vicinity  of  a bend.  Power 
lines  do  not  meet  the  criterion  that 
2h  « c/f  for  all  frequencies  of 
Interest  in  the  EWIP  spectrum;  how- 
ever, measurements  were  made  of 
the  peak  reflection  coefficient  using  scale  models  of  power-line  configurations  and  scaled 
exponential  pulses,  The  peak  current  reflection  coefficient  for  a line  20  ft  high  and  0.2  inch 
in  diameter  with  a 6-ns-rise-time  pulse  is  shown  in  Figure  2-45  as  a function  of  bend 
angles.7  The  measured  peak  reflection  coefficient  computed  using  the  low-frequency 
capacitance  and  inductance  varies  with  bend  angle  in  Figure  2-45.  The  experimental  data 
indicate  reflection  coefficients  slightly  larger  than  those  predicted  using  the  static  theory,  but 
for  bend  angles  less  than  90°  the  reflection  is  small  in  either  case. 


The  perturbance  due  to  the  bend  is  time-dependent.  The  values  shown  in  Figure 
2-45  are  peak  values.  Generally  the  effect  of  bend  has  relaxed  within  a few  tens  of  ns  (or 
equivalently,  a few  line  heights).  This  result  is  consistent  with  King's  analysis,  which  shows 
that  the  effects  on  L(w)  and  C(w)  are  strong  only  near  the  junction.  At  later  times  - or 
longer  wavelengths  - the  strong  effects  near  the  junction  are  smoothed,  since  perturbances 
that  extend  over  only  a small  fraction  of  a wavelength  cannot  be  resolved. 


Ill 
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Figure  2-4B  COMPARISON  OP  CALCULATED  AND  MEASURED  REFLECTION  COEFFICIENTS 
OF  A BEND  AS  A FUNCTION  OF  BEND  ANGLE,  Sourer  Rtf.  7, 

Scale-model  measurements  have  been  made  for  a single  wire  line  20  ft  and  40  ft  above 
ground  for  a range  of  bend  angles  from  0°  to  167.6°.  A step-function  signal  with  rise  time 
of  about  6 ns  was  fed  onto  the  line.  The  reflection  and  transmission  coefficients  for  these 
two  line  heights  are  shown  In  Figure  2-46,  where  it  it  apparent  that  the  effect  of  line  height 
It  quite  small. 

The  effect  of  radius  of  curvature  on  the  reflection  coefficient  was  alto  briefly  inves- 
tigated using  scale  models,7  The  results  are  shown  in  Figure  2-47.  The  reflection  coefficient 
decreases  monotonically  as  the  radius  of  curvature  Is  increased. 


2.4.4  OTHER  EFFECTS 

There  are  many  deviations  from  the  circular  cylinder  over  a plane,  uniformly 
conducting  ground  assumed  in  the  analysis  of  coupling  to,  and  propagation  along, 


112 


Figure  2-46  REFLECTION  AND  TRANSMISSION  COEFFICIENT  OF  A BEND  IN  A 
SINGLE-WIRE  LINE  OVER  GROUND  AS  A FUNCTION  OF  BEND  ANGLE.  Source 
R«f.  7. 


power  lines.  These  deviations  may  be  classified  as  scatterers  or  variations  in  line 
height: 

(1)  Scatterers 

• Poles  or  towers 

• Trees  and  other  ground  foliage 

' Buildings,  bridges,  and  other  structures 

• Cliffs,  ravines,  and  mountains  Iwith  lines  in  shadows) 
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Figure  2-47  REFLECTION  COEFFICIENT  FOR  A 90°  BEND  AS  A FUNCTION  OF  RADIUS 
OF  CURVATURE,  Sourcu:  Ref.  7. 

(2)  Variations  In  lint  Haight 

• Line  sag  between  poles 

• Undulating  terrain 

• Aerial  ground  wires 

• Communications  cables  on  shared  poles. 

The  effect  of  such  deviations  from  the  abstract  model  Is  almost  always  to  reduce  the  signal 
delivered  to  the  power  consumer's  terminals.  The  scatterers  reduce  the  excitation  field  at  the 
power  conductors,  and  the  variation  In  line  height  produces  multiple  reflections  of  the  current 
and  voltage  propagating  along  the  line  so  that  line  losses  are  larger  than  those  predicted  for  a 
uniform  transmission  line.  One  can  conceive  of  resonances  In  the  power  line  matching 
resonances  In  the  consumer's  low-voltage  circuits  to  produce  an  enhanced  overall  EMP 
response;  however,  it  is  expected  that  the  occurrence  of  such  a situation  In  practice  would  be 
rather  rare,  particularly  In  view  of  the  fact  that  resonances  In  wire -over -so  1 1 transmission 
lines  tend  to  be  rather  weak. 
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An  indication  of  the  effect  of  variations  in  line  height  can  be  obtained  from  the  vari- 
ation in  the  characteristic  impedance  caused  by  line  sag  shown  in  Figure  2-48.  For  this 
example  a line  10  m high  at  the  crossarms  sags  to  5 m high  midway  between  poles  100  m 
apart,  The  average  height  of  the  line  is  6.56  m,  Bt  which  height  the  characteristic  impedance 
is  300  ohms.  The  characteristic  impedance  varies  from  325  ohms  at  the  poles  to  284  ohms 
at  the  midpoint.  The  reflection  coefficient  associated  with  these  extremes  is  only  0.07; 
therefore  the  effect  of  line  height  variations  is  relatively  small  unless  the  induced  signal  prop- 
agates over  great  distances. 


Fiflurs  2-48  VARIATION  IN  CHARACTERISTIC  IMPEDANCE  CAUSED  BY  LINE  SAG 
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2.6  DIFFERENTIAL  COUPLING  TO  HORIZONTAL  CONDUCTORS 


2.5.1  WIRES  IN  A HORIZONTAL  PLANE 


For  two  conductors  separated  by  a distance  d and  at  a height  h above  ground  as 
illustrated  in  Figure  2-49  the  differential-mode  current  and  voltage  induced  by  a plane  wave 
can  be  determined  by  an  analysis  very  similar  to  that  used  for  the  common-mode  current 
and  voltage.26  The  differential  equations  of  the  current  and  voltage  are 


8V 

dz 


+ 


Z! 


avu 

Ej  (h,d,z>  - E“  (h.O.z)  + — 
1 dz 


(2-91a) 


31 

— + YV  - YVU  (2-91  b) 

dz 


where  E“  (x,y,z)  is  the  component  of  the  resultant  electric  field  parallel  to  the  wire  and  at 
the  wire  location  but  in  the  absence  of  the  wire.  Z and  Y are  the  impedance  and  admittance 
per  unit  length  of  the  two-wire  lino,  and  Vu  Is  given  by 

d 

Vu  - - / Ey(h,y,z)dy  . (2-92) 

0 


The  second-order  differential  equations  are 


— - >2I  * - Y[E“(h,d,z>  - E“ (h,0,z)] 
0/2 


d2V 

T2y  - -YZjV° 

dz2 


(2 -93a) 


(2-93b) 
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where  7 ■ ^ZY  and  Z\  is  the  internal 
impedance  of  the  conductors  (if 
finitely  conducting  wires  are  as- 
sumed). The  form  of  the  field 
E^  (h,0,z)  is  identical  to  that  given 
In  Eq,  (2-7)  for  the  common-mode 
analysis.  The  field  Ej(h,d,z)  differs 

Pleura  2-49  GEOMETRY  OF  TWO-WIRE  TRANS-  *rom  bV  8 Phase  term: 

MISSION  LINE  FOR  DIFFERENTIAL-COUPLING 

ANALYSIS 

E“{h,d,z)  - E“(h,0,z)eikd'  (2-94) 

where  d'  * d sin  y cos  The  driving  field  in  brackets  In  Eq.  (2-93a)  can  thus  be  expressed 
as 


E“(h,d,z)  - E“<h,0,*>  “ e'lkz'  (1  + Re-ik2h')  (eikd’-1)  (2-96) 

where  the  upper  trigonometric  function  (sin  y>)  applies  to  horizontal  polarization  and  the 
lower  applies  to  vertical  polarization.  The  primed  quantities  are  z'  * z cos  1//  cos  h'  * h 
sin  1 1>,  and  d'  * d sin  cos  1 ,!/,  and  R is  the  appropriate  reflection  factor  for  horizontal  or 
vertical  polarization.  The  solutions  for  the  differential  current  are,  therefore,  Identical  to 
those  for  the  common-mode  current  given  In  Section  2.2.2  multiplied  by  the  term 

1 

(eikd'-i ) jf  zD  and  7 for  the  two-wire  line  are  used  instead  of  the  corresponding  quantities 
for  the  single  wire  over  ground.  If  ground  effects  and  losses  in  the  wire  are  neglected,  Z0 
and  7 are 

Z0  — log  — 7 * )k  * j-  (2-96) 

n a c 


for  the  two-wire  line. 
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Separating  the  current  into  the  part  that  would  exist  for  a perfectly  reflecting 
ground  and  the  part  caused  by  a finitely  conducting  soil,  the  open-circuit  voltage  at  the 
terminals  of  a semi-infinite  line  due  to  E^  is,  in  the  frequency  domain, 


(perfect  qround) 
(2-97a) 

(ground  effect 
only) 
(2-97b) 


when  all  attenuation  factors  are  negligible.  The  + exponent  applies  to  horizontal  polarization, 
the  - to  vertical  polarization,  and  D(^,i?)  and  tb  are  defined  in  Section  2.2.3.  The  spectral 
magnitudes  shown  in  Figures  2-12  and  2-13  are  thus  applicable  to  the  differential-mode 
voltages  also  If  the  spectra  are  multiplied  by  eiwd'/c-1 , which  can  be  written 


1 _e-iu>2h’/c 

VJw)  - V«(w)  - EjcDIMTT  (eiwd‘/c_i) 


A(V-VU)  = E|c  DliM  2v/r8'(sin  ^}*«'iw2h'/c  (glwd'/c.,) 


eJu,d’/c-1  „ 2je*wdV2c  sin  u>d'/2c  - 2 sin  wd'/2c 


'iod72c  +— 

2 


(2-98) 


The  open-circuit  voltage  Vu  caused  by  the  y-component  of  the  field  Is  given  by 
Eq.  (2-92)  with 

Ey(h,y,z)  - Ej  {c_°sn^  9i(1  | e"^'  (1  + Ro-lk2h')  elkv  «>.  * ™ * <2-99) 

where  the  upper  trigonometric  function  applies  to  horizontal  polarization  and  the  lower 
applies  to  vortical  polarization  of  the  incident  field.  The  open-circuit  voltage  Vu(u>)  pro- 
duced by  the  y-component  of  the  field  Is  then 


1_9-  jw2h’/c 

v£M--eicDu(tM-r-  (6iwd'/c-i) 

jw 


(perfect  ground) 
(2-1 00a) 


AVu(u>)  = -Ejc  2/f^  Du(^,y>)  (sin  i//)11 


e-jw2h’/c  (eja)d'/c_ij 
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(ground  effect 
only) 
(2-100b) 


where  the  + exponent  applies  to  horizontal  polarization,  the  - exponent  applies  to  vertical 
polarization,  and 


COS  ip 

D0(^,y>)  ■ (horizontal  polarization! 

cos  \p  sin  <f 


sin  i p sin 

(vertical  polarization)  . 

cos  \j.'  sin  p 


(2-101) 


The  apparent  poles  In  Du(^,y>)  at  0 ■ jr/2  and  p ■ 0 do  not  affect  the  solution  because 


lim 


^ -*2' 
ifi  •*  0 


eiuid’/c_i 
cos  sin  i p 


jwd/c 


(2-102) 


Note  that  the  form  of  Vu(co)  is  the  same  as  that  of  V(w)  - Vu(w)  except  for  Du(i//,y>),  so 
that  the  spectra  and  waveforms  for  Vu  and  V - Vu  are  similar. 

Because  e^d,/lc  and  1 transform  into  time  delays  in  the  time  domain,  the  time- 
domain  responses  are  also  similar  to  those  obtained  for  the  common-mode  voltages.  If 
vc(t)  is  the  common-mode  voltage,  the  differential-mode  voltage  due  to  Is 


v(t)  - vu(t)  ■ v0(t  + d'/c)  (-d'/c<t<0) 

- vc(t  + d7c)  - vc(t)  (t>0) 


(2-103) 


and  the  total  voltage  caused  by  the  z and  y components  of  the  ‘ncident  field  is 


v(t)  ■ (1  - Du/D)  v0(t  + d'/c)  (-d'/c*t<0) 

« (1  -Du/D)  tVo(t  + d7c)  -vc(t)]  it>0)  . 


(2-104) 
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When  a = 0 and  7 * jk,  the  coefficients  (1  - Du/D)  become 


(1  - Du/D) 


COS  Ip  - COS  y5 

(horizontal  polarization) 

sin2  p cos  ip 


1 

COS  ip  COS  I p 


(vertical  polarization)  . 


(2-106) 


Because  the  term  eiwd’/c-i  places  a "window"  on  the  leading  edge  of  the  voltage 
waveform  vc(t),  and  because  the  voltage  vc(t)  continues  to  increase  long  after  the  ground- 
reflected  wave  arrives  at  the  wires,  the  maximum  differential  voltage  depends  not  only  on 
the  directivity  function  (1  - Du/D),  but  also  on  the  width  d7c  of  the  window.  For  linearly 
increasing  voltage,  which  Is  a good  approximation  to  the  early-time  behavior  of  the  voltage 
and  current,  the  maximum  voltage  will  be  obtained  when  d*(1  - Du/D)  is  maximum.  This 
product  is 


i 

I 


cos  4>  - cos  p 

d’(1  - Du/D)  “ d (horizontal  polarization) 

sin  p 

■ d tan  y;  (vertical  polarization)  . 


(2-106) 


The  maximum  open-circuit  voltage  will  therefore  occur  when  p •*  0 for  horizontal  polariza- 
tion and  when  y?  -» rr/2  for  vertical  polarization.  (Attenuation  of  the  line  will  prevent  the 
product  from  going  to  infinity  as  p -*■  0, 7r/2). 

A typical  waveform  for  the  open-circuit  differential  voltage  at  the  end  of  a semi- 
infinite  two-wire  line  10  m high  with  2-m  spacing  between  the  wires  is  shown  In  Figure 
2-50.  The  waveform  is  shown  for  a horizontally  polarized  incident  exponential  pulse  with 
perfectly  conducting  ground  (dashed  curve)  and  for  ground  of  sverBge  conductivity  (10"2 
mho/m)  (solid  curve).  From  a comparison  of  the  differential  voltage  waveform  of  Figure 
2-50  with  the  common-mode  waveform  of  Figure  2-14  (for  0 ■ 1 0-2 , horizontal  polariza- 
tion) it  is  seen  that  the  peak  voltage  in  the  differential  mode  is  only  about  one-seventh  the 
peak  common-mode  voltage,  and  the  duration  of  differential-mode  voltage  pulse  is  only 
about  30  ns,  compared  with  a duration  of  a tew  microseconds  tor  the  common-mode 
voltage. 
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Figure  2-BO  OPEN-CIRCUIT.  DIFFERENTIAL  VOLTAGE  INDUCED  IN  A SEMI-INFINITE 
TWO-WIRE  LINE  BY  AN  EXPONENTIAL  PULSE  (wires  In  ■ horizontal  plana) 

For  a three-wire  line  with  the  wires  equally  spaced  in  a horizontal  plane,  a similar 
voltage  waveform  would  be  obtained  between  the  middle  wire  and  the  third  wire  at  y ■ -d. 
This  voltage  would  be  of  opposite  polarity  and  shifted  by  d'/c  to  the  right  of  t ■ 0,  however. 
The  voltage  between  the  two  outer  lines  would  thus  be  approximately  twice  as  large  as  the 
voltage  between  the  middle  wire  and  either  outer  wire,  and  the  time  to  reach  the  peak  value 
would  be  2d7c. 


2.5.2  WIRES  IN  A VERTICAL  PLANE 

If  the  two-wire  line  lies  in  a vertical  plane  as  illustrated  In  Figure  2-51,  the  analysis 
Is  quite  similar  to  that  for  the  wires  in  a horizontal  plane  except  thst  the  form  of  Vu  and  E“ 
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Figure  2-61  TWO-WIRE  LINE  LYING  IN  A 
VERTICAL  PLANE 

are  different.  The  voltage  Vu  exists  only  for  vertical  polarization  If  the  wires  are  In  a vertical 
plane,  and  Its  value  is , 


j 


! 
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where  the  upper  trigonometric  function  (sin  y>)  applies  to  horizontal  polarization  and  the 
lower  function  applies  to  vertical  polarization.  When  this  expression  for  the  field  is  used  and 
the  solution  to  the  differential  equations  is  separated  into  that  part  obtained  with  a perfectly 
conducting  ground  and  that  part  caused  by  the  ground  alone,  the  open-circuit  differential 
voltage  for  a semi-infinite  line  is 


1 + ^ 

VJu)-V“(w>  - EicD (e)«*»d/c_i) 

|o> 


e-ioj(2h'+d‘)/c 

MV  - Vu)  * -E|CD(tM  (1  + R)  — (e^,d7c) 

)w 


(perfect 
ground) 
(2- 109a) 

(ground 
effect 
only) 
(2- 109b) 


where 


2s/[u»rt 

1 + R % (vertical  polarization) 

tin  \p 

*•  2 sin  0 >/]ojra  (horizontal  polarization)  , 

The  expression  for  Vu  for  the  differential  voltage  produced  by  the  vertical  component  of  the 
incident  field  can  be  similarly  separated  to  give  (for  vertical  polarization  only) 


1 - e-M2h'4d')/c 

V“M  - -EiCCotiA (eiwdVe-i) 

ju> 


e-jw(2h'+d,)/c 

AVU  - -Eiccot  \h  (1  + Rv) — (elwd7c-1) 

)o> 


(perfect  ground) 
(2-1 10a) 

(ground 
effect  only) 
(2-1 10b) 


where  1 + Ry  % 2.  In  all  of  these  expressions,  the  phase  is  referred  to  the  phase  of  the 
Incident  wave  at  the  end  of  the  lower  wire. 

The  combination  of  the  voltages  induced  by  E*  and  E*  Is  somewhat  more  complicated 
for  the  case  when  the  wires  lie  in  the  vertical  plane  because  of  the  difference  in  sign  of  the 
term  exp  I-ju>(2h'+d')/c)  in  the  expressions  for  and  V„(u>)  - V£(td).  This  is  a problem 
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for  vertical  polarization  only,  however,  because  Vu  ■ 0 for  horizontal  polarization.  Note 
that  the  term  { 1 + exp  (-jcj  (2h'+d')/c] } in  Eq.  (2-109)  transforms  into  the  sum  of  two 
responses,  one  starting  at  t = 0 and  the  second  starting  at  t = (2h’+d')/c.  When  the  wires 
were  in  a horizontal  plane,  on  the  other  hand,  the  negative  sign  of  the  exponential  term  made 
the  second  (delayed)  response  virtually  cancel  the  late-time  part  of  the  first  response. 

The  open-circuit  differential  voltage  induced  at  the  terminals  of  a semi-infinite  two- 
wire  line  with  one  wire  2 m above  the  other  is  shown  in  Figure  2-52.  With  perfectly  conduct- 
ing ground  and  vertical  polarization  the  voltage  builds  up  In  two  steps  (dashed  curve)  to  a 
level  similar  to  that  shown  In  Figure  2-50  for  horizontal  polarization  Incident  on  wires  in  a 
horizontal  plane.  With  finitely  conducting  ground,  however,  the  ground  effect  reduces  the 
level  of  the  second  step  as  Illustrated  by  the  solid  curve  of  Figure  2-52.  The  late-time 
response  also  persists  much  longer  for  vertical  polarization  incident  on  wires  in  a vertical 
plane  because  of  the  lower  reflection  coefficient  of  the  soil  for  vertical  polarization.  Com- 
parison of  the  differential-mode  voltage  of  Figure  2-52  with  the  common-mode  voltage  of 
Figure  2-14  indicates  that  the  peak  differential-mode  voltage  Is  a factor  10  or  more  smaller 
than  the  peak  common-mode  voltage. 


Figurs  2-82  OPEN-CIRCUIT  DIFFERENTIAL-VOLTAGE  WAVEFORM  INDUCED  IN  A SEMI- 
INFINITE, TWO-WIRE  LINE  BY  AN  EXPONENTIAL  PULSE  (wlrsi  In  a vertical  plane) 
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2.6.3  MODE  CONVERSION  AT  THE  LOAD 


In  addition  to  directly  induced  differential-mode  currents  in  the  power  lines, 
differential-mode  currents  can  be  developed  from  the  common-mode  currents  by  unbalanced 
terminations,  Consider,  for  example,  a perfectly  balanced  tour-wire  transmission  line  with  a 
common-mode  voltage  induced  on  It.  As  illustrated  in  Figure  2-53,  the  lines  are  represented 
by  their  Thevenin  equivalent  voltage  source  V0  and  equal  characteristic  impedances  Z0,  and 
mutual  coupling  between  the  lines  will  be  neglected  for  simplicity.  The  unbalanced  loads 
Z\  at  the  terminals  cause  unbalanced  currents  l|  to  flow  in  the  individual  conductors.  The 
relative  magnitudes  of  the  currents  are 


11  Z° 

•4  " Z0  + Z| 


i - 1,2,3 


(2-111) 


and  for  a balanced  three-phase,  4-wire  system  In  which  lj  % Ig  % I3,  the  currents  in  the 
phase  conductors  would  be  approximately  equal,  while  the  current  in  the  neutral  might  be 
significantly  different  from  the  phase-conductor  currents.  It  is  apparent  that  if  Z\  it  com- 
parable to  Z0,  the  differential  current  3lj  - I4  * I4OI1/I4-I ) created  by  the  asymmetrical 
load  operating  on  the  common-mode  current  can  be  significantly  larger  than  the  differential 
current  Induced  directly  by  the  incident  wave. 


Figure  2-53  ASYMMETRICAL  LOAD  ON  A FOUR-WIRE  LINE  WITH  A COMMON-MODE 
VOLTAGE 
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2,8  HIGH-VOLTAGE  PROPERTIES  OF  TRANSMISSION- LINE  COMPONENTS 


2.6.1  GENERAL 

The  analysis  of  interaction  of  the  EMP  with  power  lines  indicates  that  very  large 
voltages  (several  megavolts)  may  be  induced  between  the  line  and  ground.  However,  as 
Indicated  In  Table  2-2,  subtransmission  and  distribution  lines  are  not  designed  to  sustain 
such  voltages.  As  a result,  it  can  bu  expected  that  the  EMP-induced  voltages  may  be  limited 
by  insulation  breakdown  or  flashover  or  cause  activation  of  lightning  arresters.  Insulation 
breakdown,  in  the  form  of  line  insulator  flashover  or  corona  from  the  conductors  may  occur, 
but  little  is  known  about  the  behavior  of  these  mechanisms  for  very  large  rates  of  rise  of  the 
conductor  voltage.  Fortunately,  the  very  large  voltages  occur  near  the  ends  of  the  lines  where 
protective  devices  such  as  lightning  arresters  may  be  Installed.  Limited  data  are  available  on 
the  firing  characteristic  of  distribution-type  lightning  arresters  with  large  rates  of  rise.  In 
this  section,  the  high-voltage  properties  of  line  Insulators,  lightning  arresters,  and  conductors 
are  reviewed. 

Table  2-2 


TENTATIVE  AIEE  STANDARD  ON  INSULATION  TESTS  FOR  OUTDOOR 
AIR  SWITCHES,  INSULATOR  UNITS,  AND  BUS  SUPPORTS 


Withstand  Voltaga  (kV) 

Voltage 

Low  Freq. 

Low  Freq. 

Impulse 

R&tlng 

1 Min. 

10  Sec. 

1.5X40  Full  Wave 

(kV) 

(Dry) 

(Wet) 

(Pos.  or  Neg.) 

7.5 

36 

30 

95 

15 

50 

45 

no 

23 

70 

60 

150 

34.5 

95 

80 

200 

46 

120 

100 

250 

60 

175 

145 

350 

92 

225 

190 

450 

115 

280 

230 

550 

138 

335 

275 

650 

161 

385 

315 

750 

196 

465 

385 

900 

230 

545 

445 

1050 

287 

680 

555 

1300 

346 

810 

665 

1650 

Source:  Ref.  1. 
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2.6.2  INSULATOR  FLASHOVER  CHARACTERISTICS 


As  implied  in  Table  2-2,  insulators  used  in  transmission  and  distribution  systems  can 
withstand  an  "impulse"  voltage  of  3 to  1 2 times  tho  line  voltage  (with  the  higher  multiples 
applying  to  the  lower  line-voltage  ratings.)  These  ratings  presumably  apply  to  the  "new- 
equipment"  state,  so  that  deterioration  in  service  msy  reduce  these  insulation  limits.  Fur- 
thermore, the  actual  voltage  the  Insulator  can  withstand  dopends  on  the  polarity  and  the  rate 
of  rise  or  duration  of  the  transient  applied  voltage.  Because  Insulation  flashover  Involves  the 
formation  of  long  (at  least  several  inches)  spark  discharge  channels,  the  arc  formation  time  Is 
significant  In  determining  the  magnitude  and  duration  of  the  transient  voltage  that  can  be 
sustained  without  a high  current  discharge.  In  addition,  because  the  spark  formation  In  air 
is  basically  an  electron  avalanching  process,  in  a nonuniform  field,  the  breakdown  conditions 
are  quite  different  when  the  wire  is  positive  from  when  It  is  negative. 

The  "impulse"  flashover  characteristics  of  some  Insulators  in  the  7.6-to-69  kV  class 
are  shown  in  Figure  2-54  for  positive  and  negative  voltage  applied  to  the  top  of  the  insulator. 
These  insulators  display  the  typical  characteristics  of  lower  positive-voltage  flashover  thresh- 
olds and  sharply  increasing  flashover  voltage  with  Increasing  rate  of  rise  of  the  voltage.  These 
data  are  for  the  commonly  used  "Impulse"  that  reachos  Its  peak  in  1.5  and  decays  to  half 
its  peak  value  in  40  ps.  Flashover  data  are  not  available  for  applied  voltage  with  rise  times 
(or  times  to  flashover)  less  than  about  0.25  m, 

Figure  2-55  shows  similar  data  (plotted  In  a different  form)  for  strings  of  suspension 
insulator... 

Insulator  flashover  voltage  also  depends  somewhat  on  altitude  (or  barometric  pres- 
sure) and  temperature,  but  the  dependence  on  these  parameters  is  relatively  unimportant 
from  an  EMP  point  of  view  (the  altitude  dependence  may  be  significant  for  lines  In  high 
mountainous  region;,  however),  Contamination  and  adverse  weather  effects  cause  deviations 
from  the  flashover  characteristics  at  standard  air  conditions  shown  in  Figures  2-54  and 
2-55.  These  deviations  are  likely  to  be  more  important  and  less  predictable  than  those 
caused  by  variations  in  temperature  or  by  normal  fluctuations  in  surface  barometric 
pressure. 
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ER  VOLTAGE 


TIME 

TO  FLASHOVER  — p» 

TIME  TO  FLASHOVER 

III 

7.S  kV  CLASS 

Ibl  IB  kV  CLASS 

IME  TO  FLASHOVER  — JLIa 

TIME 

TO  FLASHOVER 

(el  S3  kV  CLASS 

Id) 

34, B kV  CLA8S 

TIME  TO  FLASHOVER  — M* 
(•I  46  kV  CLASS 


TIME  TO  FLASHOVER  — pi 
Id  69  kV  CLASS 


Flgura  2-54  IMPULSE  FLASHOVER  CHARACTERISTICS  OF  PARTICULAR  TYPES  OF 
APPARATUS  INSULATORS  ON  POSITIVE  AND  NEGATIVE  1-1/2  * 40  WAVES  AT 
STANDARO  AIR  CONDITIONS.  Source:  Ref,  1. 


2 6 10  14  18 

UNITS 

III  POSITIVE  WAVES 


lb)  NEQATIVS  WAVES 


Flaunt  2-BS  IMPULSE  FLASHOVER  CHARACTER- 
ISTICS OF  SUSPENSION  INSULATORS  FOR  1-1/2  x 
40  WAVES  AT  77°F.  30-INCH  BAROMETRIC  AND 
0,6086-INCH  VAPOR  PRESSURE,  Relative  air 

density  ■'  1.0,  Source:  Ref,  1, 


2.6.3  LIGHTNING-ARRESTER  FIRING  CHARACTERISTICS 

Thu  properties  of  commercial  lightning  arresters  used  In  transmission  and  distribution 
systems  aru  usually  not  specified  for  very-fast  rising  pulses,  since  the  transients  produced  by 
lightning  usually  have  rise  times  greater  than  1 ns.  Typical  firing  characteristics  of  lino  and 
distribution  lightning  arresters  aru  shown  in  Figure  2 - 56.  These  data  indicate  that  the  firing 
voltayu  increases  10%  to  15%  above  thu  dc  tslow  pulse)  firing  voltage  if  the  time  to  fire  Is 
shortened  to  250  ns. 1 3 Further  reductions  In  time  to- fire  will  certainly  he  accompanied  by 
further  increases  in  firing  voltage. 

Thu  time-to-fire  and  the  firing  voltage  of  the  9-kV  distribution  lightning  arrestors 
used  to  protect  thu  transformers  aru  plotted  in  Figure  2-57. 20  Thu  maximum  rate  of  rise  of 
the  voltage  applied  across  the  lightning  arresters  was  2.5  kV/ns,  or  about  25  time*  faster  than 
tnat  normally  specified  for  9-kV  arrestors,  With  this  rate  of  rise  (also  plotted  in  Figure  2-56), 
the  firing  voltage  was  100  kV,  or  about  2,5  times  the  static  firing  threshold,  and  the  time-to- 
fire  was  only  40  ns. 
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Figure  2-67  9-kV-DISTRIBUTION  LIGHTNING-ARRESTER  FIRING  CHARACTERISTICS  FOR 
FAST  RATES  OF  RISE,  Sourcn:  Refs.  2 and  3, 


The  trend  of  Increasing  firing  voltage  with  Increasing  rate  of  rise  of  the  applied  volt- 
age is  typical  of  spark-discharge  devices  and  insulation  flnshover.  Because  lightning  arrester 
firing  and  line  Insulator,  transformer,  or  pothead  bushing  flashover  involve  similar  air  break 
down  processes,  it  Is  expected  that  the  lightning  arrester  that  Is  designed  to  protect  these 
components  for  slowly  rising  transients  will  also  protect  them  for  fast-rising  transients.  If 
solid  or  liquid  insulation  is  protected  by  the  lightning  arrester,  however,  this  generalization 
may  not  be  valid  because  the  temporal  characteristics  of  solid  or  liquid  breakdown  may  be 
different  from  those  of  air. 


2.6.4  CORONA  THRESHOLD  OF  CONDUCTORS 

Even  wlthoui  lightning-arrester  breakdown  or  Insulation  flashover,  there  is  a high- 
voltage  limit  imposed  by  the  dielectric  strength  of  the  air  about  the  power  conductors.  When 


3 


the  electric-field  strength  at  the  surface  of  the  conductor  exceeds  3 X 10b  V/m,  the  air  will 
break  down  and  a corona  discharge  or  arc  leader  will  form.  The  field  strength  at  the  surface 
of  a round  wire  at  a height  h,  of  radius  a,  and  at  a voltage  V relative  to  ground  is 

V 

E * . (2-112) 

a log 

A plot  of  the  static  voltage  V required  to  produce  the  corona-threshold  field  strength  at  the 
surface  of  the  wire  10  m above  the  ground  Is  plotted  in  Figure  2-58  as  a function  of  wire 
radius.  Since  most  distribution-line  conductors  are  1 cm  or  less  In  diameter,  It  Is  apparent 
from  Figure  2-58  that  the  corona-threshold  voltage  of  these  conductors  will  bo  less  than 
250  kV. 


If  the  transmission  line  is  made  up  of  three  or  more  conductors,  as  Is  usually  the  caite, 
the  field  strength  at  the  surface  of  individual  wires  will  be  less,  for  a given  potential,  than  for 
a single  wire.  This  decrease  In  surface  field  strength  or  increase  in  corona-threshold  voltage 
can,  at  the  most,  be  in  proportion  to  the  number  of  wires,  but  it  Is  usually  considerably 
less,  For  three  wires  on  a horizontal  cross-arm,  the  corona-threshold  potential  of  the  two 
outer  wires  will  be  only  slightly  greater  than  the  threshold  potential  of  a single  wire  of  the 
same  size,  but  the  threshold  potential  of  the  middle  wire  will  be  significantly  higher  because 
It  is  shielded  by  the  outer  wires,  (Note  that  the  surface  field  strength  does  not  decrease  in 
proportion  to  the  increase  In  effective  radius  for  a multiple-conductor  system;  the  effective 
radius  for  the  purposes  of  computing  common-mode  capacitance  and  Inductance  per  unit 
length  may  Increase  by  a factor  of  100  if  three  conductors  spaced  a meter  apart  are  used,  but 
the  conductor  surface  over  which  the  charge  is  ■ ‘ istributed  has  Increased  by  only  a factor  of 
3 over  that  of  a single  conductor,) 

Corona  losses  on  transmission  lines  have  the  effect  of  distorting  the  leading  edge  and 
limiting  the  peak  of  a transient  voltage  pulse.27 ~29  Therefore  corona  losses  in  combination 
with  lightning  arresters  will  limit  the  wire-to-ground  potential  difference  of  typical 
distribution  lines  to  about  500  kV  or  less,  Because  these  limiting  actions  are  not  equal  for 
all  of  the  conductors  of  the  transmission  line,  however,  sizable  differential  voltages  may  be 
generated  on  the  transmission  line.  These  differential-mode  voltages,  as  well  as  the  common- 
mode voltages,  must  pass  through  the  distribution  transformer  to  affect  the  customer  equip- 
ments. A discussion  of  the  behavior  of  the  transformer  is  contained  in  Chapter  Four. 
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RADIUS  OF  CONDUCTOR  —m 

Figure  2-68  CORONA-THRESHOLD  VOLTAGE  OF  A WIRE  OVER  GROUND  WITH 
STANDARD  AIR  CONDITIONS.  Source:  Ref.  4. 
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CONSUMER’S  SERVICE  ENTRANCE 


j 

. ■ ) 

'i 

3.1  INTRODUCTION 

3.1.1  DESCRIPTION  OF  THE  SERVICE  ENTRANCE 

At  the  consumer's  end  of  a distribution  line,  the  distribution  voltage  it  reduced 
with  transformers  to  the  level  required  by  the  consumer  (e.g.,  120  V,  240  V,  480  V,  etc.), 
metered,  and  wired  to  the  consumer's  main  circuit-breaker  and  distribution  panel.  The 
properties  of  this  equipment  between  the  end  of  the  aerial  distribution  line  and  the  low-volt- 
age circuit  feeding  the  main  circuit-breaker  panel  affect  the  coupling  of  the  EMP-induced 
signal  to  the  consumer's  circuits,  In  this  chapter,  typical  service-entrance  properties  and 
installation  practices  are  described,  and  their  effect  on  the  EMP  coupling  Is  discussed,  The 
distribution  tram, former,  which  is  in  important  component  of  this  terminal  equipment,  is 
discussed  separately  In  Chapter  Four. 
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For  purposes  of  discussing  their  effects  on  EMP  coupling,  service  entrance  Instal- 
lations have  been  divided  into  two  categories  according  to  whether  the  service  transformers 
are  pole-mounted,  as  in  Figure  3-1  (a),  or  ground-based,  as  in  Figure  3-1  (b).  For  pole- 
mounted  transformer  installations,  the  transformers  are  usually  installed  on  the  last  pole  of 
the  distribution  line,  and  the  low-voltage  service  drop  is  carried  along  a messenger  cable  to  a 
service-entrance  weatherhead,  where  the  low-voltage  conductors  enter  rigid  steel  conduit. 


Flfurt  3-1  TYPICAL  POWER  SERVICE  ENTRANCES 

The  service  entrance  may  be  on  a separate  pole,  as  shown  in  Figure  3-1  (a),  it  may  be  on  the 
roof  or  exterior  wall  of  a building,  or  it  may  be  on  the  same  pole  as  the  transformers.  There 
Is  some  variation  in  the  mounting  of  the  transformers,  also,  For  example,  they  may  be 
mounted  on  a platform  supported  by  four  poles,  rather  then  mounted  directly  on  the 
final  pole. 
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3.1.2  GROUND-BASED  TRANSFORMER  INSTALLATIONS 

Ground-based  transformer  installations  are  distinguished  by  the  characteristic  that 
the  distribution  voltage  is  carried  underground  from  the  last  pole  to  the  transformers.  The 
transformers  may  be  located  In  a shed  or  fenced-in  area  near  the  consumer's  buildings,  or 
they  may  be  in  a vault  within  the  consumer's  building,  Shielded  cables  are  used  to  transmit 
power  from  the  pothead  near  the  top  of  the  last  pole  to  the  transformers,  Those  cables  are 
usually  routed  through  rigid  steel  conduit  or  plastic  or  fiber  duct  for  mechanical  protection 
underground  and  on  the  pole, 

The  principal  components  of  the  ground-based  transformer  Installations  that  affect 
the  EMP  coupling  and  voltage-limiting  are  the  potheads,  the  shielded  cable,  and  the  steel  or 
fiber  duct,  (Transformer  characteristics  are  also  Important;  they  are  discussed  In  Chapter 
Four.)  The  pothead  Is  a weatherproof  interface  between  the  aerial  distribution  line  and  the 
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shielded  cable  used  for  the  underground  service  entrance.  Typical  potheads  for  use  with 
single-  and  three-conductor  lines  are  shown  in  Figure  3-2.  Basically,  they  consist  of  insu- 
lated high-voltage  bushings,  to  which  the  aerial  conductors  are  connected,  and  a 
controlled-gradient  termination  for  the  shields  and/or  lead  sheath  of  the  underground  cables,  The 
lower  cavity  of  the  pothead  Is  usually  filled  with  an  asphalt-based  compound  to  weatherproof  and 
seal  the  cable  termination.  The  dielectric  strength  of  the  pothead  should  be  commensurate 
with  the  basic  Insulation  level  required  for  the  distribution  voltage  (see  Table  3-1).  To 
prevent  damage  to  the  pothead  and  cable  insulation,  the  pothead  is  usually  protected  with 
lightning  arrestors, 

Cables  for  use  at  distribution  voltages  are  stranded  copper  or  aluminum  insulated 
with  cross-linked  polyethylene  and  shielded  (for  gradient  control)  with  spiral-wound  copper 
tape.  An  overall  lead  sheath  or  vinyl  jacket  is  sometimes  provided  for  mechanical  protection. 
The  construction  of  typical  one-  and  three-conductor  cables  Is  shown  in  Figure  3-3.  Semi- 
conducting tape  and  semiconducting  polyethylene  are  sometimes  used  adjacent  to  the  inner 
and  outer  conductors  for  electric  gradient  control.  A concentric  wrap  of  solid  copper 
strands  may  also  be  provided  over  the  shield  tape  if  the  shield  carries  appreciable  current 
(the  shield  tape  is  usually  only  a few  mils  thick  and  is  used  for  gradient  control  rather  than 
to  carry  return  or  neutral  currents),  In  some  older  Installations,  paper-insulated  cable  may 
be  found.1 

Rigid  steel  conduit  is  almost  always  used  at  the  ends  of  the  conduit  run  (l.e.,  at  the 
pole  and  at  the  transformer)  but  plastic  (styrene)  or  fiber  conduit  is  often  used  along  the 
buried  portion  of  the  run.  The  plastic  or  fiber  duct  may  be  of  the  rigid,  direct-burial  type 
(Type  II),  or  of  the  concrete-encasement  type  (Type  I)  that  is  partially  encased  In  concrete 
after  It  Is  installed  in  the  trench,  This  encasement  is  normally  accomplished  by  laying  the 
conduits  on  a bed  of  sand  so  that  they  are  less  than  one-third  embedded  in  sand,  then  pour- 
ing concrete  over  the  conduits  until  the  trench  is  filled  to  a few  inches  above  the  top  of  the 
conduits,  The  remainder  of  the  trench  Is  then  backfilled  to  grade  level  with  local  soil.  From 
an  EMP  coupling  standpoint,  the  rigid  steel  conduit  can  provide  excellent  shielding  for  the 
cables  and  it  provides  a uniform  return  conductor  for  the  common-mode  current  on  the 
cables.  Plastic  and  fiber  conduits  provide  no  shielding  and  no  return  path  for  the  common- 
mode current. 
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(•>  SINQL I -CONDUCTOR  (b)  THRU-CONDUCTOR 

Flflure  3-2  POTHEADS  FOR  SINGLE-  AND  THREE-CONDUCTOR  CABLES 


3.1 .3  POLE-MOUNTED  TRANSFORMER  INSTALLATIONS 

For  installations  with  pole-mounted  transformers,  the  low-voltage  conductors  mav 
be  exposed  to  the  EMP  fields  between  the  transformer  and  the  service  entrance.  Because 
the  components  In  the  low-voltage  system  are  not  specifically  designed  to  withstand  high 
voltages,  this  portion  of  the  installation  may  be  vulnerable  to  large  induced  voltages  (even  if 
the  transformer  does  not  pass  extremely  large  common-mode  voltages).  Vinyl-  or  neoprene 
insulated  cables  are  normally  used  for  tha  low-voltage  service.  Ttv>se  cables  are  typically 
loosely  spiraled  about  a steel  messengci  cable  (which  may  alto  serve  as  a ground  or  neutral 
conductor)  between  the  transformer  and  the  service  entrance.  The  service-entrance 
weatherhead  is  e hooded  conduit  fitting  that  permits  thB  cables  to  be  brought  Into  the  con- 
duit without  permitting  varmints  or  excessive  rainwater  to  enter  the  building  through  the 
conduits.  The  service-entrance  weatherhead  contains  an  insulating  spacer  for  tha  cables  so 
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Table  3-1 


SUGGESTED  WITHSTAND  IMPULSE  VOLTAGES 
FOR  CABLES  WITH  METALLIC  COVERING* 


Rated 

Voltage 

(kV) 

Basic 
Impulse 
Insulation 
Level  for 
Equipment 
(kV) 

Sol  id- Paper 
Insulation 

Oil-Filled-Paper 

Insulation 

Insulation 

Thickness 

(mils) 

Withstand 

Voltage 

(kV) 

Insulation 

Thickness 

(mils) 

Withstand 

Voltage 

(kV) 

1.2 

30 

78 

94 

— 

2.5 

45 

78 

94 

— 

— 

5.0 

60 

94 

113 

■ . ' 

— 

8.7 

75 

141 

169 

- 

15 

110 

203 

244 

132 

23 

150 

266 

319 

174 

34.6 

200 

375 

450 

WmVswm 

228 

46 

250 

469 

563 

270 

69 

350 

688 

825 

MiiU. 

378 

115 

550 

— 

H- 

576 

138 

6b0 

— 

— 

560 

672 

161 

750 

- 

— 

648 

780 

230 

1050 

- 

- 

925 

1110 

"Sourer.  Rif.  1. 


that  they  are  aaparatad  from  each  other  and  from  tha  rough  edges  of  the  metal  hood. 

A typical  service  entrance  Is  shown  in  Figure  3-4. 

Although  the  cable  and  weatherhead  insulation  are  not  designed  for  high-voltage 
applications,  Insulation  breakdown  In  the  tow-voltage  cable  system  seldom  occurs  In  the 
conduit  or  weatherhead  unless  the  cable  Is  old  and  deteriorated.  Breakdown  usually  occurs 
where  the  Insulation  has  been  removed  or  compromised,  such  as  In  the  metering  cabinet 
where  the  cable  Insulation  has  been  removed  to  make  the  meter  voltage  taps,  or  at  the  main 
circuit-breaker  panel  where  the  Insulation  Is  removed  to  make  the  connection  to  the  cir- 
cuit breaker  terminals. 


It  is  also  noteworthy  that  although  large  voltages  may  be  Induced  In  the  low-voltage 
service  drop,  there  is  some  voltage-limiting  built  Into  the  secondary  terminals  of  the  trans- 
former, which  normally  has  a voltage-1  limiting  spark  gap  built  into  the  hardware  associated 
with  at  least  one  of  the  secondary  bushings.  In  addition,  when  long,  exposed  service  drops 
are  used,  it  is  not  uncommon  to  Install  secondary  lightning  arresters  In  the  low-voltage  cir- 
cuit at  the  transformer,  service  entrance,  or  main  circuit-breaker  panel  (or  all  three). 
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(b)  THRU -CONDUCTOR  SHIILOID,  COMPACT -MCTOR  CONDUCTORS 


Figure  3-3  SHIELDED  CABLES  FOR  SERVICE  ENTRANCE 


Figure  3-4  POLE-MOUNTED  SERVICE 
ENTRANCE 


3.1.4  EFFECT  OF  SERVICE  ENTRANCE  ON  EMP  COUPLING2 


The  consumer  service  entrance  is  an  important  part  of  the  power  system  for  EMP 
coupling  considerations  because  it  is  closer  to  the  consumer's  equipment  than  the  remainder 
of  the  system,  and  because  of  the  following: 

(1 ) The  service  transformer  behaves  as  a bandpass  filter  (see  Chapter  Four). 

(2)  The  low-voltage  entrance-conduit  circuits  or  shielded  service-entrance  cables 
have  much  lower  characteristic  (surge)  impedances  than  the  aerial  distribution 
lines, 

(3)  Additional  EMP  coupling  can  occur  along  the  unshielded  low-voltage  service 
drop  or  along  service-entrance  cables  in  burled  plastic  or  fiber  ducts. 

(4)  Voltage  limiting  may  occur  at  lightning  ar-eiters  and  in  low-voltage  circuits. 

The  difference  in  characteristic  impedance  between  the  aerial  transmission  lines  and 
the  shielded  service-entrance  cables  used  In  ground-based  transformer  installations  causes  a 
large  mismatch  between  these  transmission  lines.  For  times  less  than  the  round-trip  propa- 
gation time  from  the  pothead  to  the  transformer,  the  common-mode  load  Impedance  on  the 
aerial  transmission  line  is  the  parallel  combination  of  the  characteristic  impedances  of  the 
shielded  service-entrance  cables,  Since  the  source  impedance  of  the  aerial  transmission  lines 
Is  several  hundred  ohms  and  the  characteristic  impedance  of  the  shielded  cables  (in  parallel) 
is  of  the  order  of  ten  ohms,  only  a small  fraction  of  the  large  open-circuit  voltage  induced 
In  the  aerial  transmission  line  is  transmitted  through  the  shielded  cables;  the  remainder  is 
reflected  back  down  the  aerial  line. 

At  times  greater  than  the  round-trip  propagation  time  on  the  shielded  cables,  the 
transformer  and  the  loads  on  Us  secondary  winding  affect  the  Input  impedance  at  the  pot- 
head  seen  by  the  aerial  line.  In  the  frequency  domain,  however,  the  shielded  cables  may 
behave  as  matching  transformers  that  provide  maximum  coupling  between  the  aerial  trans- 
mission line  and  the  transformer  for  a band  (or  several  bands)  of  frequencies  in  the  pulse 
spectrum,  Because  of  the  narrow  bandwidth  of  the  matching- transformer  effect,  this  effect 
Is  usually  not  important  in  terms  of  transformer  insulation  breakdown,  but  it  is  important 
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in  determining  the  spectral  content  of  the  signal  delivered  to  the  consumer's  low-voltage 
circuits. 


Similar  considerations  apply  to  the  low-voltage  conduit  circuit  between  the  service- 
entrance  and  the  main  circuit-breaker  panel  in  pole-mounted  transformer  installations.  The 
principal  differences  in  this  case  are:  (1)  the  signal  induced  in  the  aerial  transmission  line  Is 
filtered  by  the  transformers  before  it  gets  to  the  service-entrance  weatherhead,  and  (2)  the 
common-mode  characteristic  Impedance  of  the  conductors  In  conduit  is  somewhat  larger 
than  that  of  the  shielded  service-entrance  cables, 

In  the  casa  of  pola-mountad  transformers  with  long,  low-voltage  service  drops,  sig- 
nificant voltage  can  be  Induced  in  the  service  drop  by  the  EMP  In  much  the  seme  way  as  It  is 
induced  in  the  aerial  dietribution  line.  This  voltage  will  enter  the  conduit  circuit  before  the 
voltage  Induced  in  the  tranemltslon  line  behind  the  transformer,  and  it  may  be  larger  than 
that  passing  through  the  transformer  (particularly  If  the  transformer  is  protected  with  light- 
ing arresters),  Similarly,  current  may  be  induced  In  the  shields  of  the  buried  shielded  cables 
between  the  potheads  and  ground-basad  transformer  when  these  cables  are  In  plastic  ducts, 
but  if  the  cable  shields  are  effective,  the  voltage  induced  between  the  conductor  and  the 
shield  by  this  moans  is  a major  concern  only  if  the  cables  are  quite  long  (several  hundred 
feet).  If  steel  conduit  it  used  for  the  entire  run  Instead  of  plastic  conduit,  the  voltage  Induced 
In  the  burled  cables  will  usually  be  relatively  small  (compared  to  that  delivered  by  the  aerial 
transmission  line)  uniats  the  run  is  several  thousand  feet  long. 

Intentional  voltage-limiting  occurs  in  the  terminal  Installation  because  of  distribu- 
tion lightning  arresters  protecting  the  transformer  or  potheed  bushings  and  secondary  light- 
ning arresters  (if  present)  at  the  weatherheod  and  main  circuit-breaker  panels.  Unintentional 
voltage  limiting  may  occur  because  of  low-voltage  Insulation  breakdown  at  metering  taps, 
circuit-breaker  terminals,  and  similar  points  where  the  insulation  Is  weak.  Voltage  break- 
down in  the  low-voltage  system  may  have  deleterious  effects  such  as  damage  to  the  watt- 
hour  meter  and  damage  to  power-monitoring  relays  and  control  circuits. 
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3.2  TRANSMISSION  THROUGH  CONDUITS  AND  CABLES 


3.2.1  TRANSFER  FUNCTIONS  FOR  CONDUITS  AND  SHIELDED  CABLES 

The  conduit  and  conductors  between  the  service-entrance  weatherhead  and  the  main 
distribution  panel,  and  the  shielded  cables  between  the  potheads  and  the  transformers  can  be 
analyzed  as  transmission-line  segments  between  the  source  (aerial  transmission  lines)  and  the 
load  (low-voltage  circuits  or  transformer  primary).  The  equivalent  circuit  for  this  part  of  the 
system  is  illustrated  in  Figure  3-5  where  the  source  is  represented  by  an  open-circuit  voltage 
V0  and  a source  impedance  Zi  and  the  load  Is  represented  by  Zg.  The  transmission  line  has 
a characteristic  impedance  Z0  and  is  of  length  S.  For  a long(semi-lnflnite)  aerial  distribu- 
tion line  connected  to  shielded  cables  for  transformer  service,  the  source  voltage  V0  and 
impedance  Zi  are  the  open-circuit  voltage  Induced  in  the  semi-infinite  line  and  its  character- 
istic Impedance.  The  load  Impedance  Zg  Is  the  input  Impedance  of  the  primary  terminals  of 
the  transformer,  including  any  lead  Inductance  and  bushing  capacitance. 

The  reflection  coefficient  at  the  load  end  of  the  transmission  line  is  defined  by3 


Zt  - z0 
z«  + Zo 


(3-1) 


and  the  propagation  factor  for  the  line  is  y • a + J/3.  The  ratio  of  the  voltage  V(S)  across  the 
load  to  the  source  voltage  V0  Is 


yw_  (1  + p)e~>« (3_2) 

~~  (l  - pe-27ii)  + + pe-271) 

Zo 

Plots  of  the  magnitude  of  this  transfer  function  are  shown  In  Figure  3-6  for  Zg  resistive,  Fig- 
ure 3-7  for  Zg  inductive,  and  Figure  3-8  for  Zg  capacitive,  These  results  are  for  a lossless 
air-insulated  transmission  line  {y  ■ jk  ■ |w/c)  30  m long  snd  a source  impedance  of  300  ohms 
(typical  of  an  aerial  distribution  line).  A characteristic  impedance  of  10  ohms  is  assumed  for 
the  transmission  line.  However,  these  data  can  be  applied  to  any  similar  circuit  with 


146 


Figure  3-8  APPROXIMATE  EQUIVALENT  CIRCUIT  FOR 
ANALYSIS  OF  TRANSMISSION  THROUGH  SHIELDED  CARLE 
OR  CONDUIT  FEEDER  CIRCUITS 

Zi/Z0  » 30  tor  which  the  values  of  R/Z0,  Lc/yZ0.  or  cZ0C/K  shown  are  applicable,  If  the 
upper  normalized-frequency  (M)  scale  is  used.  (The  speed  of  light,  c,  may  be  replaced  by 
the  propagation  velocity  v - cA /Tr  If  Insulation  other  than  air  is  used,! 

Note  that  for  all  load  impedances  except  the  matched  resistive  load  (Z^  «*  R ' Z0), 
the  transfor  function  is  frequency-selective  and  tends  to  pass  certain  frequencies  more 
readily  than  others.  Because  the  first  few  passbands  lie  in  the  range  0.1  < kV  < 10,  power- 
system  responses  are  often  characterized  by  fundamental  oscillations  in  this  frequency  range, 

Time-domain  responses  of  the  circuit  of  Figure  3-5  have  been  obtained  experimen- 
tally using  RF  transmission  line  to  simulate  the  conduit  or  shielded  cable,  This  line  is  not 
lossless,  and  the  load  elements  are  not  pure  resistances  or  reactances,  so  that  the  waveforms 
obtained  with  the  analog  circuit  are  somewhat  more  representative  of  those  that  might  be 
observed  In  a power  system,  The  waveforms  for  a step  voltage  V0  with  source  impedance 
such  that  Zi/Z0  - 30  are  shown  in  Figure  3-9  for  resistive  loads.  It  Is  seen  in  Figure  3-9(a) 
that  the  voltage  V(t!)  across  the  load  resistance  is  a stair-step  rising  toward  R/(R  + Z\ ) 
when  R > Z0.  The  length  of  the  steps  is  2S!/c,  and  the  "smoothed"  stair-step  for  R > Z0 
approaches  an  exponential  function  Vi  [1  - exp  (— t/r) ] where 

RZiC 

r ■ rrr,  ,3-31 

V,  - ^5-  Vo  ,3-4) 

and  C is  the  total  capacitance  of  the  transmission  line  (C  - C/cZ0).  When  R < Z0,  as  in  Fig- 
ure 3-9(b),  u damped  square  wave  of  initial  amplitude  2 RZ0/(R  + Z0)(Zi  + Z0)  oscillating 
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Fiflure  3-6  FEEDER  TRANSFER  FUNCTIONS  FOR  RESISTIVE  LOADS 


about  the  value  R/(Z i + R!  is  obtained,  For  a load  R = Z0,  the  voltage  V(C)  would  be  a step 
of  magnitude  R/(  R + Zi ), 

The  response  with  an  inductive  load  is  of  more  interest  in  practice  because  of  the 
large  lead  inductance  associated  with  power  circuits  near  transformer  or  circuit-breaker 
terminals.  The  load  voltage  V(t!)  for  three  values  of  inductance  is  shown  in  Figure  3-10 
for  the  step-voltage  source  with  Zi/Z0  * 30.  In  Figure  3- 1 0(a) , the  time  constant  L/Z0  of 


the  Inductive  load  is  smaller  then  the  round-trip  transient  time  22/c  of  the  line.  During  the 
first  22/c  of  the  response,  therefore,  the  response  voltage  is  a decaying  exponential  with 
time-constant  L/Z0,  but  beyond  2K/c  the  response  becomes  very  complicated  because  of  the 
convolution  of  the  exponential  response  with  multiple  reflections  from  the  Inductive  load 
and  the  resistive  source  Impedance.  The  waveform  of  Flgure3-10(a)  Is  quite  representative  of 
the  complexity  of  the  power-system  response  waveforms  that  are  observed  in  practice,  however. 
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Figure  3-8  FEEDER  TRANSFER  FUNCTIONS  FOR  CAPACITIVE  LOADS 


Note  that,  although  It  is  masked  by  the  fine  structure  of  the  reflections,  the  response  con- 
tains a fundamental  oscillation  with  a period  of  2n\/SL/cZo,  about  three  cycles  of  which 
can  be  seen  in  Figure  3-1 0(a). 

The  responses  shown  In  Figure  3-10(b)  and  (c)  are  for  larger  Inductances.  In  Figure 
3-1 0(b) , the  time  constant  L/Z0  of  the  inductance  is  about  equal  to  the  round-trip  transit 
time  22/c,  so  that  the  exponential  decay  of  the  voltage  across  the  inductance  is  easily 


Identified  even  after  several  reflections.  The  fundamental  oscillation  with  a period  of 
2ffv^L/cZo,  upon  which  these  exponential  responses  ride  is  also  easily  recognizable.  In  Fig- 
ure 3- 10(c),  where  L/Z0  > 2V/c,  the  multiply  reflected  exponential  responses  appear  as  a 
saw-tooth  wave  superimposed  on  the  fundamental  oscillation. 

The  voltage  developed  across  a capacitive  load  by  a step  voltage  V0  with  source  impe. 
dance  Z\  “ 30Zo  Is  shown  In  Figure  3-1 1 for  a capacitance  whose  time  constant  Z0C  is 
small  compared  to  the  transit  time  25/c.  The  early-time  voltage  across  the  capacitor 
behaves  as 


v(«)  ■ (1  - e‘t/Tc)  (0  < t < 2«/e)  (3-6) 

*1  + Zo 

where  fc  ■ Z0C.  After  the  first  reflection  returns,  the  waveform  is  more  complicated,  but 
generally  Increases  along  an  "average"  curve  given  by 


v(l!)  * 1 - e'11'2!0 


(3-6) 


when  Zi  is  resistive.  Therefore,  if  the  capecitance  is  Increased,  both  the  "average"  time 
constant  Zi  C and  the  short-term  time  constant  Z0C  increase  so  that  the  size  of  the  ripples  Is 
reduced  and  the  average  rate  of  rise  It  reduced.  Waveforms  such  as  that  shown  ir  Figure 
3-1 1 are  seldom  observed  in  power  systems  because  the  capacitances  In  power  circuits  are 
usually  distributed  capacitances  associated  with  machine  or  component  windings,  so  that  they 
behave  as  transmission  lines  rather  than  lumped  capacitors. 
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3.2.2  THEVENIN-EQUIVALENT  SOURCE 


The  Thevenin-equivalent  source  voltage  at  the  losd  end  of  the  conduit  or  shielded 
cable  may  be  obtained  from  Eq.  (3-2)  by  letting  2«  ■+  <*>  so  that  p « 1 , resulting  in 


2e“i'liVo 

Vo  

-_1  (1  _ #-27«)  +(!  + e-2>li) 
Zq 


(3-7) 


The  source  impedance  associated  with  this  opsn-circuit  voltage  is3 


Z'i 


Zo 


1 + p'l'W 

1 - p*.-w 


(3  8) 


where 


Zi  - Z0 
Zy  + Z0 


(3-9) 


A Thevenin-equivalent  source  of  voltage  V’0  and  Impedance  Z’i  at  the  load  end  of  the  con- 
duit can  then  be  used  to  replace  the  source  V0,  Its  Impedance  Zi , and  the  transmission  line 
as  Illustrated  in  Figure  3-12. 


3.2.3  CHARACTERISTIC  IMPEDANCE  OF  CONDUCTORS  IN  A CONDUIT 

Formulas  for  the  common-mode  characteristic  Impedance  of  two-  and  four-conduc- 
tor shielded  cables  have  been  derived  by  Kaden.4  These  formulas  are  exact  for  perfect  con- 
ductors and  uniform  dielectric  between  the  inner  conductors  and  the  shield.  The  cable 
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TIME  - t'/c 

Figura  3-11  VOLTAGE  ACROSS  A CAPACITIVE  LOAD 
PRODUCED  BY  A UNIT  STEP  SOURCE  (Z, /Z(>  - 30, 
ciicuit  of  Plgurw  3-0) 

configuration  and  appropriate  formulas  for  the  common -mode  characteristic  imparlance  are 
shown  in  Figure  3-13(a)  and  (l)),  The  formulas  also  assume  a uniformly  spaced,  symmetri- 
cal array  of  conductors  as  illustrated.  The  effects  of  eccentricity  of  the  cable  bundle  In  tho 
conduit  can  be  estimated  from  the  behavior  of  the  characteristic  Impedance  of  the  eccentric 
"coaxial''  cable  shown  in  Figure  3-  13(c).6  if  a,  in  Figure  3-13(c|,  Is  the  effective  radius  of 
the  bundle  of  conductors,  the  common-mode  characteristic  Impedance  of  the  bundle  with  an 
offset  from  the  c"nter  of  the  conduit  can  be  estimated  using  the  formula  given  in  Figure 
3-1 3(c) . A plot  of  this  variation  with  offset  is  shown  in  Figure  3 -14,  where  it  is  apparent 
that  the  bundle  can  be  off-centered  up  to  50%  with  loss  than  20%  reduction  in  character  - 
istic impedance. 

As  an  illustration  of  a typical  four-conductor  circuit  in  a conduit,  the  common-mode 
characteristic  impedance  of  four  300-MCM  conductors  in  a 3-Inch  conduit  Is  shown  In  Table 
3-2  for  an  arrangement  like  that  shown  In  Figure  3-13(b),  Air  was  assumed  for  the  dielectric, 
but  the  maximum  and  minimum  spacings  between  conductors  ("compact"  and  "loose"  in 
Table  3-2)  were  obtained  eisuming  insulation  of  0,933  Inch  diameter  over  the  conductors. 

The  "mean"  spacing  Is  the  geometric  mean  of  the  maximum  and  minimum  spacings.  As  is 
apparent  In  the  table,  the  characteristic  impedance  changes  by  o factor  of  a little  more  than 
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2 as  the  spacing  varies  from  the  maxi 
mum  to  the  minimum  permitted  by 
the  insulation  If  allowance  is  made 
for  the  dielectric  constant  of  the  in* 
sulation,  all  of  the  characteristic 
impedances  shown  In  the  table  will 
be  reduced  somewhat, 


lb)  NIW  THiVSNIN  BQUIVALINT 

Pleura  3*12  FEEDER  SOURCE  TRANSLATED 
TO  THE  LOAD  TERMINALS 
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Table  3-2 

COMMON-MODE  CHARACTERISTIC  IMPEDANCE  OF  FOUR  300-MCM 
INSULATED  CONDUCTORS  IN  A THREE-INCH-DIAMETER  CONDUIT 


Wire  Spacing, 
b (inches) 

Characteristic 
Impedance,  Z0  (ohmit) 

Comments 

0.680 

33.3 

compact 

0.840 

25.0 

Mean 

1.068 

14.6 

Loose 

Notes: 

O.D,  ol  insulation : 

0.933  inch 

O.D.  ol  conductor: 

0,629  inch 

I.D,  of  conduit: 

3.068  inch 

! 


* 
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Figure  3-14  VARIATION  OF  CHARACTERISTIC  IMPEDANCE  OF  ECCENTRIC 
COAXIAL  CABLE 


3.2.4  CHARACTERISTIC  IMPEDANCE  OF  SHIELDED  CABLES 


The  high  Irequency  characteristic  (surge!  impedance  of  shielded  cables  can  be 
obtained  from  manufacturers'  capacitive  reactance  data.  The  characteristic  impedance  is 


Z 


o 


V ‘ l 


cC 


(3-10) 
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where  c is  the  speed  of  light,  C is  the  capacitance  per  unit  length,  and  er  is  the  dielectric 
constant  of  the  insulation.  The  capacitive  reactance  of  cables  is  often  tabulated  in 
ohms/mile  at  60  Hz  In  terms  of  the  reactance  per  mile,  Xc,  the  characteristic  impedance 
in  ohms  is 


Z0  » 2.02  X 1<rV7,X0 


(3-11) 


A table  of  Values  of  characteristic  Impedance  for  various  sizes  and  voltage  ratings  of 
single,  paper-insulated  shielded  cables  is  given  In  Table  3-3.  These  values  were  deduced 
from  the  reactance-per-mlle  data  given  In  Ref,  1 . 

Modern  shielded  cables  are  commonly  insulated  with  cross-linked  polyethylene,  al- 
though some  paper  Insulation  Is  still  in  use.  Polyethylene-insulated  cables  tend  to  have 
similar  characteristic  Impedances  because  the  dielectric  constant  of  polyethylene  is  smaller 
than  that  of  paper,  but  the  extruded  Insulation  Is  slight  ;y  thinner  than  paper  insulation  for 
the  seme  voltage  rating. 


3.3  COUPLING  THROUGH  STEEL  CONDUIT  WALLS 

3.3.1  GENERAL  CONSIDERATIONS 

Burled  steel  conduivs,  such  as  those  between  the  sew  .-entrance  weatherhead  and 
the  main  circuit  breaker  panel,  may  have  current  Induced  In  them  by  the  electromagnetic 
field  In  the  soil  Tho  current  Induced  in  the  conduit  will,  In  turn,  induce  a current  in  the 
conductors  Inside  the  conduit.  This  current  is  superimposed  on  the  current  injected  at  the 
and  of  the  conduit  by  the  exposed  aerial  conductors.  A similar  situation  exists  for  the 
shielded  cables  between  the  potheads  and  the  transformers,  although  if  these  cables  are 
routed  through  rigid  steel  conduit,  the  conductors  are  shielded  by  both  the  conduit  and  the 
cable  shields. 
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Table  3-3 


CHARACTERISTIC  IMPEDANCES  OF  PAPER  INSULATED 
SHIELDED  POWER  CABLES 


r T“~  ■ 

i Slits 

(AWG  or  MCM) 

Voltage  Rating 

1 kV 

3 kV 

5 kV 

8 kV 

15  kV 

23  KV 

35  kV 

Characteristic  Impedance  (ohms) 

6 

16 

19 

26 

30 



4 

13 

16 

22 

26 

33 

— 

- 

2 

11 

13 

18 

21 

28 

35 

- 

1 

9,7 

12 

16 

19 

26 

31 

- 

0 

8,7 

10 

14 

17 

23 

28 

36 

00 

7.9 

9,5 

12 

15 

20 

26 

33 

000 

7.1 

8,6 

11 

13 

18 

23 

30 

0000 

6.4 

7.8 

9.6 

12 

16 

21 

27 

250 

5.9 

7,2 

8.5 

11 

15 

19 

25 

350 

5.0 

6.2 

7.3 

9 

13 

17 

22 

500 

4.2 

5.2 

8.2 

7.8 

11 

14 

19 

750 

3.4 

4.1 

5.2 

6.5 

9.4 

12 

17 

1000 

3.1 

3.8 

4.4 

5,7 

8.7 

11 

15 

1500 

2.5 

3,1 

3.7 

4.7 

6.9 

9.1 

12 

2000 

2.2 

2:L 

3.2 

4.1 

6.1 

8.0 

11 

Qosed  on  capacitive  reactance  values  given  In  Rof.  1 . Dielectric  constant  Is  3.7. 


The  usual  approach  to  calculating  the  current  or  voltage  on  the  conductors  inside 
the  conduit  consists  of  (1 ) determining  the  electric  field  In  the  soil  porallel  to  the  conduit, 
(2)  calculating  the  current  in  the  conduit,  (3)  calculating  the  transfer  Impedance  and  satu- 
ration characteristics  of  the  conduit  as  a tubular  shield,  and  (4)  analyrlng  the  conductors 
and  conduit  as  a coaxial  transmission  line  with  a distributed  driving  source.6  10  In  the  case 
of  shielded  cables  In  plastic  conduit,  Steps  2,  3,  and  4 are  applied  to  the  cable  shields  rather 
than  to  the  conduits.  In  the  case  of  sh't:*Jed  cables  Inside  steel  conduit,  Step  3 will  include 
calculating  transfer  Imoadance  of  the  cable  shield,  and  In  Step  4 the  coaxial  transmission 
line  analysed  will  be  that  formed  by  the  cable  conductor  Bnd  its  shield. 


159 


A rigorous  analysis  of  the  signals  induced  on  conductors  inside  steel  conduits  Is 
apparently  very  difficult.6  However,  there  ere  several  properties  of  the  conduit  and  of  typi- 
cal installations  that  may  be  used  to  simplify  the  problem  and  obtain  good  estimates  of  the 
conductor  voltage  and  current.  First,  it  is  noted  that  rigid  steel  conduit  is  a very  effective 
shield,  particularly  at  high  frequencies,  so  that  very  little  of  the  external  electromagnetic 
field  penetrates  through  the  conduit  walls  to  the  conductors  inside.  Thus,  unless  the  conduit 
is  very  long  (of  the  order  of  106  ft  or  more),  the  signal  induced  through  the  walls  of  a con- 
tinuous steel  conduit  with  tight  couplings  is  usually  negligible  compared  to  that  injected  on 
the  conduit  conductors  by  the  aerial  conductors  at  the  entrance  end,  Even  for  long  conduit 
runs,  the  rise  time  of  the  current  and  voltage  treneient  Induced  on  the  Internal  conductors  Is 
very  long  (of  the  order  of  1 ms  If  the  steel  Is  unsaturated),  so  that  ordinary  voltage  limiting 
and  filtering  techniques  can  he  applied, 

Second,  since  only  the  low-frequency  spectrum  can  penetrate  the  steel  conduit 
walls,  only  the  low-frequency  currant  in  the  conduit  and  the  low-frequency  fields  in  the 
soil  need  be  analyied.4,  ^ 11  Because  only  the  low-frequency  spectrum  is  of  Interest,  the 
conduit  can  be  considered  electrically  short  (i.e„  short  compared  to  a wavelength  of  the 
highest  frequency  of  interest), 

Finally,  the  depth  of  burial  of  conduits  is  ordinarily  only  a few  meters,  so  that  In 
the  low-frequency  spectrum  of  Interest  in  the  analysis  of  the  intarnal  conductors,  the 
fields  In  the  soil  at  the  depth  of  burial  are  approximately  equal  to  those  at  the  surface  of 
the  ground.  One  can  therefore  often  neglect  the  exp  (—d/6)  dependence  of  the  field 
strength  on  depth  d and  skin  depth  6 ■ (wfp0o)"Vi  in  the  soil. 

The  simplifications  noted  above  are  valid  only  for  conductors  In  effectively  contin- 
uous rigid  steol  conduits  (l.e.,  steel  conduit  with  tight  couplings  for  the  entire  run).  If  the 
conductors  are  routed  through  plastic  (or  other  nonmetalllc)  conduit  for  all  or  part  of  the 
run,  the  above  simplifications  do  not  apply,  because  these  assumptions  are  all  contingent  on 
the  high-frequency  shielding  characteristics  of  the  rigid  steel  conduit,  Even  shielded  cables 
In  plastic  conduit  may  require  special  consideration  because  the  electrostatic  shields  on 
these  cables  may  not  be  particularly  effective  Bt  high  frequencies  (see  Section  3.4). 
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3.3.2  BULK  CURRENTS  INDUCED  IN  BURIED  CONDUITS 


3.3.2.1  General 


This  section  presents  formulas  for  calculating  the  total  current  induced  in 
a buried  conduit  by  an  incident  uniform  plane  wave,  for  bare  or  thinly  Insulated  conduits. 

The  incident  electromagnetic  pulse  is  assumed  to  have  an  exponential  waveform  E0  exp 
<-t/  The  wave  arrives  on  the  surface  of  the  earth  from  a direction  defined  by  an  elevation 
angle  \jj  and  an  azimuth  angle  as  illustrated  in  Figure  3-1 5.  The  depth  of  burial  of  the  con- 
duit is  small  compared  to  a skin  depth  In  the  soil,  so  that  the  fields  at  the  conduit  depth  are 
essentially  the  same  as  those  at  the  surface.  It  is  assumed  that  the  conduit  is  a single,  isolated 
conduit  with  no  other  conductors  in  its  vicinity, 

In  ell  the  hulk-current  formulas,  the  soil  is  considered  to  be  a good  con- 
ductor, as  defined  by  o » we.  The  wave-propagation  factor  in  the  soil,  and  the  propagation 
factor  for  bare  conductors,  is  thus3 


7 


y/\u)Ho(o  + ju>e)  * \/Wto0  - 


1 + j 


(3-12) 


where  5 is  the  skin  depth  in  the  soil,  a is  the  soil  conductivity,  and  p0  and  e are  the  perme- 
abilit / and  permittivity  of  the  soil,  respectively.  A plot  of  the  skin  depth  as  a function  of 
frequency  and  soil  conductivity  is  given  in  Figure  3-16.  The  dashed  line  along  the  right- 
hand  side  of  Figure  3-16  indicates  the  limit  of  validity  of  the  approximation  7 (1  +))/6. 

Although  this  limit  falls  between  a few  hundred  kHz  and  a few  MHz  for  typical  soil  con- 
ductivities, steel  conduit  walls  have  very  large  Bttenuation  at  frequencies  above  100  kHz,  so 
that  the  bulk-current  spectrum  at  these  frequencies  is  usually  of  secondary  interest. 


3.3.2. 2 Current  Far  from  the  Ends  of  a Long  Conduit 

The  conduit-current  formulas  presented  here  apply  to  points  far  (several 
skin  depths  in  soil)  from  the  ends  of  long  buried  conduits  that  have  no  insulation,  or  have 
insulation  that  is  thin  compared  to  the  conduit  radius.  The  results  are  presented  for  an 
incident  exponential  pulse  that  propagates  as  a plane  wave  that  is  uniform  (constant 
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Figure  3-16  ILLUSTRATION  OF  COORDINATES  FOR  CONDUIT  AND  ANGLE  OF  ARRIVAL 
OF  TRANSIENT  WAVE 

magnitude)  over  several  soil  skin  depths  along  the  conduit  (the  skin  depth  fi  In  the  soil  is 
plotted  in  Figure  3-16).  The  decay  time  constant  r of  the  exponential  pulse  Is  large  com- 
pared to  the  soil  time  constant  re  a t!0/o,  The  small  resistance  of  the  cable  Is  neglected,  and 
it  is  assumed  that  the  depth  of  burial  is  small  compared  to  the  soil  skin  depth  at  the  highest 
frequencies  of  interest, 

The  total  current  induced  far  from  the  ends  of  a long  conduit  by  an  Inci- 
dent field  E0e',/r  is  given  by10 

Kco)  * l0“7=— (3-13) 

\/i tor  (jw  + 1/r) 


in  the  frequency  domain,  or 


FREQUENCY  Mr 


conouctivityT  DEPTH  h IN  S0IL  AS  A FUNCTI0N  0F  prequency  and  soil 

In  the  time  domain,  where 

ly  * 10*V?ttT  EV)D{vI/,^}  (ampere  seconds) 

lo  8.85  X 10  12 

Te  ~ ~ ' Time  constant  of  soil  (s) 

r - Decay  time  constant  of  incident  pulse  (s) 

E(j  ~ Peak  electric- field  strength  of  incident  pulse  (V/m) 

- cos  y for  vertically  polarized  wave 
~ sin  i jt  sin  ^ for  horizontally  polarized  wave. 


The  waveform  for  i(t)  and  the  incident  exponential  pulse  are  shown  in  Figure  3-17  as  a 
function  of  time  In  incident-pulse-decay  time  constant. 

The  peak  current  induced  in  the  conduit  is10 


end  the  peak  current  occurs  at 

tpk  = 0.85  r . (3-10) 

The  variation  of  the  peak  current  with  azimuth  angle  of  incidence  and  elevation  angle  of 
incidence  is  shown  in  Figure  3-18.  The  magnitude  of  the  peak  current  for  maximum 
coupling  I 0(\p,  <fi)  ■ 1 ] Is  plotted  in  Figure  3-19  as  a function  of  soil  conductivity  for  vari- 
ous incident-field  time  constants.  The  plots  are  truncated  in  the  lower  left-hand  part  of 
the  graph  where  t ■ r#.  The  responses  given  In  this  section  are  valid  only  If  r > rt.  Where  the 
approximations  used  here  are  valid,  the  peak  current  is  inversely  proportional  to  the  square 
root  of  the  soil  conductivity  (l.e.,  s/a  l0  • constant). 

Useful  Insight  Into  the  physics  of  the  coupling  process  can  be  obtained  from 
the  frequency  form  of  the  current  In  the  conduit  given  by8 


I(z,cj) 


% 


oE|.ff62 

Jih 
J log 


7oB 


(3-17) 


where  Is  the  component  of  the  electric  field  (In  the  soil)  parallel  to  the  conduit,  a is  the 
radius  of  the  conduit,  and  70  « 1.781.  The  current  density  in  the  soil  is  r;E,  (in  the  absence 
of  the  conduit),  and  tr&2  ; the  area  of  a circle  one  skin-depth  In  radius  in  the  soil.  Thus  the 
total  current  induced  in  the  conduit  Is  approximately  proportional  to  the  current  that  would 
flow  in  a circular  cylinder  of  soil  one  skin  depth  in  radius  if  the  cable  were  not  present. 
Because  Ez  <x  £J\/o  through  (I  + R)E0  (see  Eqs.  (2-9)] , the  conduit  current  Is  also  propor- 
tional to  E 0A/o,  The  approximation  log  (N/26/-y0a)  * 10  is  valid  (within  b factor  of  2)  for  b 
wide  range  of  soil  conductivities,  conductor  radii,  and  frequencies  as  CBn  be  seen  In  Figure 
3-20.  This  approximation  has  been  used  in  deriving  l0  In  Eqs.  (3-13)  and  (3-14). 
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Figure  3-17  WAVEFORMS  OF  INCIDENT  FIELD,  CABLE  CURRENT,  AND 
OPEN-CIRCUIT  VOLTAGE  BETWEEN  THE  SHIELDS 


3.3.2, 3 Currant  Near  tht  End  of  a Long  Bara  Conduit 

The  conduit  current  formulas  presented  here  are  for  points  near  the  end  of 
a long  (semi-infinite)  conduit,  The  bulk  current  In  the  conduit  Is  based  on  the  assumption  that 
the  conduit  Is  in  contact,  with  the  soil  and  that  the  end  of  the  conduit  is  terminated  in  a 
very  low  impedance  (short  circuit)  or  a very  high  Impedance  (open  circuit)  compared  to  the 
characteristic  Impedance,  The  short-circuit  case  might  be  representative  of  a conduit  that  Is 
terminated  In  a large  counterpoise  or  similar  low-impedance  structure,  The  open-circuit 
case  is  representative  of  a conduit  that  is  dead-ended  or  Insulated  at  the  end  of  the  run.  The 
assumptions  that  o > uc  and  a < 6 used  for  the  long  conduit  above  apply  to  these  cases  as 
well.  The  results  are  presented  for  an  exponential  pulse  with  decay  time  constant  r that  is 
large  compared  to  the  soil  time  constant  t9  ■ c0lo.  The  electromagnetic  pulse  Is  Incident 
from  a direction  defined  by  an  elevation  angle  \p  measured  from  horizontal  and  an  azimuth 
angle  measured  from  the  axis  of  the  conduit  (see  Figure  3-15). 


I)  tin 
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< Figure  3-18  VARIATION  OF  PEAK  CONDUIT  CURRENT  AS  AZIMUTH  (»')  AND  ELEVATION 

(V)  ANGLES  OF  INCIDENCE  CHANGE  IDICnvOl 

Thu  total  current  induced  near  the  enrl  of  a long  conduit  that  isi/iorf- 
circuitod  H iflentical  to  the  current  far  from  the  ends  and  is  given  by  Eds.  (3-13)  and  (3  14), 
and  has  the  waveform  shown  in  Figure  3 17. 


The  total  current  induced  near  the  end  of  a I o n tj  conduit  that  is  upon- 
circuited  at  the  end  by  an  incident  exponential  pulse  E0e ',/f  is  given  by 10 


Kz.ui) 


1 0 vV/fn  'k 

i 0 

v/jtor  (jut  + j/r) 


(3-18) 
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1 

10?  10a  104 

FREQUENCY  H/ 

Figure  3-20  VARIATION  OF  LOG  K/2f>/>0«)  WITH  FREQUENCY  AND  CONDUCTOR 
RADIUS,  (Note  that  a factor  of  10  in  conductor  radius  produces  tlui  samu  e'lect  as  o (actor 
of  100  In  soil  conductivity,) 


In  the  time  domain,  where 


l0  10\/"roT  EoD(\>,rp)  (ampere-seconds) 

<’o 

ru  •••-•-  Time  constant  of  soil  (s) 

o 

r ~ Decay  time  constant  of  incident  pulse  Is) 

Eo  Peak  electric-field  strength  of  incident  pulse  (V/m) 
D(C.r)  cos  yr  for  vertical  polarisation 
D(^,yr)  sin  y sin  y for  horizontal  polarisation 
s - Distance  from  end  of  cublo  (m) 
c - 1 /s/Mcp7>  Speed  of  light  In  free  space 


This  current  is  zero  (very  small)  at  the  end  (z  - 0)  and  approaches  the  value  given  by  Eq. 
(3-14)  at  large  distances  from  the  end.  Plots  of  the  waveform  at  distances  of  3.16, 10,  and 
31.6  m from  the  end  of  tne  cable  are  shown  In  Figure  3-21  for  a soil  conductivity  of 
10~2  mho/m. 


FlBure  3-21  WAVEFORM  OF  THE  CONDUIT  CURRENT  NEAR  THE  END 
WHEN  CONDUIT  END  IS  OPEN-CIRCUIT 


Since  the  waveform  is  determined  by  — (z/c)2  = oz2/e0c2,  the  waveforms  shown  In  Fig- 

re 

ure  3-21  will  represent  different  distances  from  the  end  of  i.he  cable  if  the  soil  conductivity 
differs  from  10~2  mho/m.  The  magnitude  of  the  current  remains  inversely  proportional  to 
thf  square  ront  of  the  soil  conductivity  l0  » constant),  Again,  the  approximation  log 
* 10  is  used  In  deriving  l0, 


3. 3. 2.4  Currant  in  an  Electrically  Short  Conduit 


The  conduit  may  be  considered  electrically  short  if  its  length  is  short  com- 
pared to  a skin  depth  in  the  soil  of  all  frequencies  of  interest.  From  the  analysis  of  conduit 
shielding  properties  in  Section  3.3.3,  it  is  apparent  that  even  if  the  steel  in  the  conduit  is 
saturated,  the  frequencies  penetrating  the  conduit  walls  He  principally  in  the  spectrum  below 
6 kHz,  and  from  Figure  3-16  the  skin  depth  in  average  (o  ■ 10“2)  soli  is  about  80  m and  in 
poorly  conducting  (o  - 10*3)  soil  It  is  about  200  m.  Thus,  conduits  a few  tens  of  maters  long 
in  soil  of  poor  to  average  conductivity  may  be  considered  electrically  short  at  the  frequencies 
penetrating  to  the  Interior  of  the  conduits. 

The  conduit  may  then  be  analyzod  as  an  electrically  short  dipole  in  a 
finitely  conducting  medium.  The  current  at  the  center  of  a conduit  of  length  ¥ is  then 

eztv 

I (3-20) 

where  E*  Is  the  field  strength  In  the  soil  and  V Is  admittance  of  a center-fed  dipole  of 
length  V and  radius  a In  the  conductive  medium.  Neglecting  the  capacitive  susceptanco  (since 
a » we),  the  admittance  V Is 


Y 


fieri! 

* G * — 

2 log  H/a 


(3-21) 


where  a Is  the  soil  conductivity  and  a is  the  radius  of  the  conduit.  The  current  at  the 
center  Is  thus 


I 


4 log  C/a 


(3-22) 
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The  z-component  of  the  electric  field  in  the  soil,  from  Eqs.  (2-7)  and 
(2-9)  with  h = 0 and  the  phase  kz  cos  \p  cos  y>  neglected,  is 


E, 


2 Eiv/r0 


sin  y»  sin  ij/ 
cos  >p 


(3-23) 


where  >e  ■ e0/o,  E|  is  the  incident  field  strength,  and  the  upper  and  lower  trigonometric 
functions  apply  to  horizontal  and  vertical  polarization,  respectively,  For  an  exponential 
pulse  of  the  incident  field  E0e"^r, 


E,  * 2EoN/r7|gln^>IMl  — . (3-24) 

1 cosy)  , 1 

ju>  + — 
r 


The  midpoint  current  In  the  short  conduit  is  thus 


ffoE0(i2  _ /siny>sln^\  \Au> 

I s/r«  (3-2E 

2logi(/a  1 cosy;  I 1 

jw  + — 

T 

for  the  exponential  pulse  of  incident  field  (upper  trigonometric  functions  for  horizontal 
polarization;  lower  for  vertical  polarization).  The  ratio  of  this  current  to  the  current  in  an 
Infinitely  long  conduit  is 


5 log 

short  70B 

' * jWT. 

I*  8 log  tf/a 


(3-26) 


where  t ^ - puol.'2,  end  the  log  term  in  the  numerator  is  plotted  In  Figure  3-20.  The  ratio 
is  thus  of  the  order  of  jwr^.  By  definition  of  electrical  shortness,  u>r^  « 1;  therefore  the 
magnitude  of  the  current  at  the  midpoint  of  a short  conduit  is  always  smaller  than  the  cur- 
rent in  an  infinitely  long  conduit  (or  far  from  the  ends  of  a long  conduit),  Observe  also 
that  because  multiplication  by  jw  in  the  frequency  domain  corresponds  to  differentiation 
with  respect  to  time  In  the  time  domain,  the  waveforms  of  the  current  in  the  time  domrin 
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will  correspond  to  the  derivative  of  the  waveform  shown  in  Figure  3-17.  This  waveform 
of  the  current  at  the  center  of  the  conduit  is  thus12 


i<t>  * to 


s/nr\ 


- .->*  -~J 

It  Jo 


2 rvt/r  2 

—7  eu  du 

s/n  Jo 


(t  > re)  (3-27) 


where 


iroE082 

I0  -TT — TT'S***  D()M 

2 log  8/a 


r*  * e0/o 


0(^,s»)  11  tin  ^ sin  i li  (horizontal  polarization) 

• cot  f (vertical  polarization) 
r * Time  constant  of  incident  exponential  field  pulse. 


Thlt  waveform  Is  Infinite  at  t ■ 0,  but  the  tc'ution  it  not  valid  for  timet  iett  than  t|(  because 
for  such  times  the  soil  does  not  behave  at  a good  conductor. 

Equations  (3-26)  and  (3-27)  give  the  current  at  the  center  of  the  thort 
conduit.  Since  the  maximum  current  occurs  at  the  center,  the  current  anywhere  else  on  the 
conduit  it  less  than  the  values  given  by  these  formulas.  The  variation  of  the  current  with  position 
along  the  conduit  is  frequency-dependent  (or  time-dependent)  alto,  so  that  e transformable 
current  distribution  or  average  current  that  can  be  used  in  the  calculation  of  internal  con- 
ductor voltages  end  currents  is  not  readily  available.  To  within  a factor  of  about  2 for  these 
calculations,  however,  it  may  be  assumed  that  the  current  In  the  conduit  Is  uniform  at  the 
midpoint  value, 
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3.3.3  CURRENT  AND  VOLTAGE  INDUCED  ON  INTERNAL  CONDUCTORS 


3.3.3. 1 Transfer  Impedance  of  Steel  Conduit 


The  voltage  and  current  induced  on  conductors  inside  a steel  conduit  by 
current  flowing  on  the  conduit  r he  obtained  from  the  transfer  Impedance  of  the  conduit.  The 
transfer  impedance  of  a cylindrical  shield  is  the  ratio  of  the  voltage  per  unit  length  developed 
between  the  Internal  conductors  and  the  shield  to  the  current  flowing  in  the  shield.  In  Its 
general  form,  the  transfer  impedance  Zt  Is  defined  by 


1 dV 

ZT  (3-28) 

I dZ 

where  V Is  the  cnnductor-to-shleld  voltage,  I Is  the  shield  current,  and  Z Is  the  distance 
along  the  conduit. 

For  thin-walled  tubular  shields  of  uniform  cross  section  that  contain  no 
holes  or  cracks,  the  transfer  Impedance  ls4'®“'!1 


Zt  * Ro 


(1  + j)  T/6 
sinh  (1  + j)  T/6 


where  R„  is  tne  dc  leslstance  per  unit  length  of  the  shield  given  by 

1 

R0  * 

2«aTo 


(3-29) 


(3-30) 


and  T is  the  wall  thickness  of  the  shield,  a is  the  mean  radius  of  the  shield,  n is  the  conduc- 
tivity of  the  shield,  and  6 Is  the  skin  depth  in  the  shield  given  by 


6 *-7=  . (3-31) 

>/fffpo 
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For  ferromagnetic  shields  such  as  steel  conduit,  the  permeability,  p,  is  an  important  factor. 


p 


Since 


i 


!: 


11  + "7“ 


V/jWTs  = (1  + ]) 


where 


(3-32) 


r*  = aioT2 


1 1 
npoT2  ffrs 


1 the  transfer  imped  jnce  may  also  be  expressed  in  terms  of  the  diffusion  time-constant  r,  or 

I the  frequency  fg  at  which  the  wall  thickness  is  one  skin  depth,  The  dimensions  of  standard 

; 

i steel  conduit  are  given  in  Table  3-4.  A plot  of  the  magnitude  of  the  transfer  Impedance  as  a 

[ function  of  frequency  is  jhown  in  Figure  3-22  in  a normalized  form  that  can  be  applied  to 


Table  3-4 


PROPERTIES  OF  STANDARD  GALVANIZED  OR  ENAMELED 
RIGID  STEEL  CONDUIT 


Size 

(Inches) 

" 1 

Diameter  (Inches) 

Thickness 

(inches) 

Threads  per 
inch 

Weight  per 
100  Feet  (lbs) 

External 

Internal 

V, 

0,840 

0.622 

0,109 

14 

79 

% 

1,050 

0,824 

0,113 

14 

105 

1 

1,315 

1,049 

11 ’/a 

163 

VA 

1,660 

1.380 

0,140 

11 ’/a 

201 

v/» 

1.900 

1,610 

0.145 

11  Vi 

249 

2 

2.375 

2,067 

0.154 

11 '/a 

332 

2 Vi 

2.875 

2.469 

0.203 

8 

527 

3 

3,500 

3.068 

0,216 

8 

682 

3 '/a 

4.000 

3.648 

0.226 

8 

831 

4 

4.500 

4,026 

8 

972 

5 

5.563 

5.047 

0,258 

8 

1314 

6 

6.625 

6.065 

0,280 

8 

1745 

ffi 

Figure  3-22  MAGNITUDE  GF  THE  TRANSFER  IMPEDANCE  OF  RIGID  STEEL 
CONDUIT  In  - fi  x 106  mho/m) 


any  tubular  shield.  The  normalization  values  of  R0  and  f(<)  for  standard  rigid  steel  conduits 
are  shown  in  the  table  inset  in  Figure  3-22 

Note  that  for  frequencies  significantly  above  fft,  the  transfer  impedance  is 
quite  small,  so  that  only  the  frequencies  below  fft  are  effective  in  inducing  current  and  voltage 
on  the  conductors  inside  the  conduit.  Even  if  the  conduit  steel  is  saturated,  the  cutoff  fre- 
quency f>(  is  less  than  6 kHz,  so  1 hat  the  conduit  run  may  be  considered  electrically  short  (for 
the  analysis  of  internal  current  and  voltage)  if  its  length  is 

c 

t!  < — i5  50  km 


175 


Since  most  feeder  conduits  are  only  a few  hundred  feet  long,  they  may  usually  be  considered 
electrically  short  for  purposes  of  analyzing  coupling  through  the  conduit  walls. 


3.3.3.2  Internal  Voltage  Induced  in  an  Electrically  Short  Conduit- 
Uniform  Exponential  Current 

For  an  electrically  short  conduit  of  length  I?  with  a uniform  current  I 
Induced  by  external  fields,  the  total  induced  internal  voltage  will  be 

V(w)  * IZTC  (3-33) 


where  Zj  is  the  transfer  impedance  of  the  conduit.  If  the  internal  conductors  are  opon- 
circuited  with  respect  to  the  conduit  at  both  ends,  half  of  this  voltage  will  appear  between 
the  conductors  and  the  conduit  at  each  end. 


When  the  current  I is  that  derived  from  an  exponential  pulse  l0e‘t/r  and 
the  transfer  impedance  from  Eq.  (3-29)  Is  used,  the  open-circuit  voltage  at  onB  end  of  con- 
ductors that  are  open-circuited  at  both  ends  is10 


where 


(3-34) 


R0  - (27raoT)‘ 1 = dc  resistance  per  meter  of  the  conduit 

rs  = /uoT2  = Diffusion  time  constant  for  the  conduit 

t = Decay  time  constant  of  the  exponential  pulse  of  conduit  current. 
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The  quantities  a,  o,  /u,  and  T are  the  radius,  conductivity,  permeability,  and  wall  thickness 
of  the  conduit,  respectively.  The  voltage  waveform  is 


K2n  - 1)2rs 


n » 1 


2t 


exp 


(t  < rs) 
(3-35 > 


= JoM  J_M1/2 

2 v^rVt/ 


exp 


-(2n  - I)2 


(r  > T|) 


(3-36) 


The  waveform  for  r « r,  is  r times  the  Impulse  response  of  the  conductors,  and  the  wave- 
form for  r » Tj  is  the  step-function  response  of  the  conductors.  Plots  of  these  waveforms 
and  the  response  when  r * rs  are  shown  in  Figure  3-23  normalized  to  lQ R0^/2  in  magnitude 
and  to  rt  in  time, 

The  peak  open-circuit  voltages  are 


l0R0K 

v(t)peak  “ j W ts) 
r/loM\ 

- 5, 9 ~ ) (r  « r.)  (3-37) 
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if  the  conductors  are  open-circuited  (relative  to  the  conduit)  at  both  ends.  The  10-to-90% 
rise  time  for  the  voltage  is 


tio-90  = O.U36fj 

(r  > rs) 

- 0.038  r» 

(r  < t,) 

= 0.15  ts 

(r  - rs) 

(3-38) 


Plots  of  the  asymptotic  values  of  the  peak  voltage  and  rise  time  against  r/rs  are  shown  in 
Figure  3-24  as  solid  lines,  and  an  estimate  of  their  behavior  between  asymptotes  is  shown 
as  a dashed  curve.  Values  of  ts  and  R0  for  rigid  steel  conduit  are  given  In  Table  3-5. 


Figure  3-24  VACATION  OF  PEAK  OPEN-CIRCUIT  VOLTAGE  AND  RISE  TIME  OF 
CONDUCTOR  VOLTAGE  AS  A FUNCTION  OF  EXPONENTIAL  CONDUIT-CURRENT-DECAY 
TIME  CONSTANT  r (norrrslired  to  diffusion  constant  r5l 


179 


Table  3-5 


SHIELDING  PARAMETERS  FOR  RIGID  STEEL  CONDUIT 


Nominal 
Conduit 
Size  (inches) 

Ro 

(ohms/m) 

Tt 

Q. 

(A-s) 

Hr  = 500 
(ms) 

Mr  * 1.0 
(MS) 

% 

1.03  x 10-3 

28.9 

67,8 

2,1 

7.77  x 10-4 

31.1 

62,1 

i 

5.23 

43.0 

86.0 

V/a 

3.86 

47.7 

95,3 

v/» 

3.23 

51.1 

102 

9.1 

2 

2,40 

57.7 

115 

13 

1.52 

100 

200 

27 

1.16 

113 

227 

38 

9,64  x 10“B 

124 

248 

48 

8,14 

137 

273 

59 

6,01 

162 

324 

87 

6 

4.63 

191 

381 

120 

t,  The  voltage  has  the  same  magnitude  and  shape  at  both  ends  of  the  conduit; 

; however,  the  polarity  at  one  end  is  opposite  to  the  polarity  at  the  other  end.  If  the  conductors 

f are  shorted  to  the  conduit  at  one  end  Lie  open-circuit  voltage  at  the  opposite  end  will  have 

^ the  same  waveform  Lut  it  will  double  in  magnitude. 


will  be 


The  current  through  matched  terminations  Z0  at  the  ends  of  the  conductors 


IM  = VM/Zq 


(3-39) 
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3.3.3. 3 Internet  Voltage  from  Incident  Field 


The  results  presented  here  give  the  voltage  between  the  conductors  and  th 
conduit  induced  by  an  exponential  plane-wave  puise  incident  on  the  surface  of  the  ground. 
The  results  apply  to  buried  conduits  that  are  short  compared  to  the  shortest  wave-length 
penetrating  the  wall  (see  Figure  3-22)  but  long  compared  to  a skin  depth  in  soil.  The  results 
are  obtained  from  the  convolution  of  the  conduit  current  obtained  in  Section  3.3.2.2  with 
the  impulse  response  of  the  conduit  obtained  in  Section  3. 3.3.2. 


The  open-circuit  voltage  induced  between  the  conductor  and  the  conduit 
by  an  incident  exponential  pulse  E0»~t/T  is  given  by10 


(3-40) 


where 


l0  ■ 106v/rTlEoD(M  (see  Eq.  (3-14)) 

t,  « poT2  is  the  diffusion  constant  for  the  tubular  shield. 


The  open-circuit  voltage  waveform  is 
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T loRiA’ 

This  waveform,  normalized  to , is  plotted  in  Figure  3 25  for  several  values  of  iJt. 

2 v/ir 

In  deriving  Eqs,  ( 3 ■ 40)  and  (3-41 ),  it  has  been  assumed  that  the  conductors 
are  open  circuited  with  respect  to  the  conduit  at  both  ends,  and  that  the  conduit  run  is  long 
enough  that,  the  conduit  current  may  be  considered  uniform  throughout  the  length  of  the 
conduit  (i,e.,  end  effects  such  as  those  described  in  Section  3, 3. 2. 3 are  negligible). 


3.3. 3.4  Saturation  of  Steel  Conduit 

Much  of  the  shielding  effectiveness  of  steel  conduit  is  caused  by  the  large  rela- 
tive permeability  of  steel.  When  very  large  currents  flow  in  the  conduit,  however,  the  magnetic 


Flflur*»  3-26  CORE--TO-SHIELD  VOLTAGE  WAVEFORMS  INDUCED  IN  CONDUCTORS  IN  A 
BURIED  CONDUIT  HY  AN  INCIDENT  PLANE-WAVE  EXPONENTIAL  PULSE  o-td 


flux  density  in  the  steel  may  become  large  enough  to  saturate  the  steel  and  drastically  reduce 
its  permeability.  It  lias  been  demonstrated  that  most  ferromagnetic  materials  do  not  become 
completely  saturated  instantaneously.13  As  saturation  begins,  the  surface  impedance  of  the 
saturated  outer  layer  is  much  lower  than  the  surface  impedance  of  the  interior  unsaturated 
region,  so  that  most  of  the  current  flows  in  the  saturated  layer,  1 1 the  current  is  of  sufficient 
magnitude  and  duration,  it  will  eventually  saturate  the  entire  conduit  wall.  For  transient 
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currents  of  short  duration,  however,  the  entire  thickness  of  the  wall  may  never  saturate,  so 
that  the  ferromagnetic  shielding  properties  may  be  maintained  even  if  partial  saturation  occurs, 

Based  on  an  analysis  that  assumes  that  the  shield  material  is  either  com  - 
pletely saturated  (jur  » 1.0)  or  completely  unsaturated,  the  depth  of  saturation  Is  found  to 
be  dependent  on  the  charge  transferred  by  the  shield.  For  complete  saturation  of  a tubular 
shield  by  a single  transient,  the  saturation  depth  must  approach  the  thickness,  T,  of  the 
shield  at  some  time  t < <»,  giving 

Qt  * f Idt  * »raoB|T2  (3-42) 

Jo 


where  Bt  is  the  flux  density  at  saturation,  a is  the  radius  of  the  shiold,  and  o Is  the  conduc- 
tivity of  the  shield.  The  charge  Qt  Is  the  total  charge  that  must  flow  along  the  shield  to 
saturate  the  shield  material  completely.  For  a current  step  function,  Q$  Is  therefore  a 
measure  of  the  time  required  to  saturate  all  the  way  through  the  shield,  since 

Qi  ■ l0tttt  » traoB|T  (3-43) 

Any  value  of  l0  greater  than  that  required  to  begin  saturation  will  eventually  saturate  the 
shield  all  the  way  through,  but  the  smaller  the  value  of  l0,  the  longer  It  will  take  to  saturate 
the  shield  completely.  For  a rectangular  pulse  of  width  r and  amplitude  l0,  we  ha'/e 

IgT  = iraoB,T2  (3-44) 

and  the  current  l0  required  to  saturate  the  shield  completely  increases  as  the  pulsewldth 
decreases.  Similar  relations  can  be  obtained  for  other  pulse  shapes.  For  an  exponential 
current  l0e~t/T1  for  example, 

l0r  = ffaoB»T2  . (3-45) 
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The  values  of  Qs  are  tabulated  in  Table  3-5  for  rigid  steel  conduit  with  a * 6 X 106 
mho/m  and  Bs  = 1 .6  w/m2  (18  kilogauss),  Note  that  for  pulse  durations  of  about  1 /is,  peak 
currents  of  tens  of  megamperes  are  required  to  completely  saturate  2-inch  and  larger  con- 
duits. Therefore,  complete  saturation  of  rigid  steel  conduits  by  the  induced  current  from 
the  high-altitude  EMP  is  unlikely. 


3.4  CABLES  IN  NON-METALLIC  CONDUIT 

3.4.1  GENERAL  CONSIDERATIONS 

As  pointed  out  In  Section  3,3,  nonmetalllc  conduit  offers  no  shielding  to  the  conduc- 
tors Inside  the  conduit.  Therefore  the  electric  field  In  the  soil  Induces  current  and  voltage 
directly  on  the  conductors  in  the  conduit,  and  the  high-frequency  as  well  as  the  low-fre- 
quency spectra  are  Important.  The  current  induced  on  the  cables  may,  in  fact,  be  compara- 
ble to  that  induced  on  the  metallic  conduits  discussed  In  Section  3.3.  The  current  differs 
from  that  induced  in  the  metal  conduit  only  because  the  conductors  are  not  In  direct  con- 
tact with  the  soil.  Thus  the  coupling  to  the  conductors  is  through  the  capacitance  between 
the  conductor  and  the  soil  and  through  the  terminating  Impedances  at  the  ends  of  the  cable. 

Because  the  cables  are  insulated  from  the  soil  by  the  conduit  and  by  the  air  and  cable 
insulation  inside  the  conduit,  the  attenuation  of  induced  currents  is  somewhat  less  (particu- 
larly at  low  frequencies)  than  it  is  for  conductors  In  direct  contact  with  the  soil.  For  conduc- 
tors In  direct  contact  with  the  soil  (such  as  metallic  conduits),  the  current  is  attenuated  as 
exp  (-a/5),  where  5 Is  the  skin  depth  in  the  soil,  and  z is  the  distance  along  the  conductor, 

At  low  frequencies  such  that 


we  logr^/a 
— — « 1 

0 , v^5 

log 

7o» 


(3-46) 
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where  ri  Is  the  radius  to  the  outside  of  the  conduit  and  a is  the  effective  radius  of  the  con- 
ductors, the  admittance  per  unit  length  between  the  conductor  and  the  soil  is  dominated  by 
the  capacitance  of  the  insulation,  and  the  attenuation  constant  is  much  smaller  than  1/5, 

At  high  frequencies  where  the  admittance  per  unit  length  is  dominated  by  the  admittance  of 
the  soil,  however,  the  buried  insulated  conductor  behaves  in  approximately  the  same  man- 
ner as  the  buried  bare  conductor.  Because  of  the  lower  attenuation  at  low  frequencies,  the 
conductors  in  nonmetallic  conduits  several  hundred  feet  long  may  support  current  resonances 
at  frequencies  of  several  hundred  kilohertz  (see  Section  2.2,1 ), 

When  shielded  cables  are  used  in  nonmetallic  conduit,  the  cable  shield  provides  some 
protection  for  the  conductor  Inside.  The  shields  on  power  cables  are  usually  designed  pri- 
marily for  electrostatic  gradient  control,  however,  rather  than  electromagnetic  shielding. 
These  shields  arc  often  fabricated  of  thin  copper  tape  spiraled  around  the  conductor  insula- 
tion (with  some  overlap)  to  form  a smooth  outer  conductor  at  low  frequencies,  Because 
the  contact  resistance  of  the  overlapped  tape  is  large  compared  to  the  resistance  of  the  cop- 
per, the  current  in  the  shlold  tends  to  flow  in  the  direction  of  the  tape  rather  thau  parallel 
to  the  axis  of  the  cable.  Thus  the  tape-wound  shield  behaves  as  a solenoid,  and  at  high  fre- 
quencies the  juLI  drop  along  this  solenoid  can  be  quite  large  (large  enough  to  cause  arcing 
between  the  turns  of  the  tape).  This  jcoLI  drop  drives  the  conductor  inside  the  shield,  and 
because  of  the  to  dependence,  the  shield  tends  to  readily  pass  the  high-frequency  spectrum 
(in  contrast  to  the  steel  conduit,  which  almost  completely  eliminates  the  high-frequency 
spectrum). 


3.4.2  CURRENT  INDUCED  ON  CABLES 

The  current  Induced  In  burled  Insulated  cables  can  bB  calculated  in  the  same  way  as 
the  current  in  the  aerial  transmission  lines  described  In  Chapter  Two,  except  the  excitation 
field  is  that  at  the  surface  (or  just  below  the  surface)  of  the  ground  and  the  characteristic 
Impedance  Z0  and  propagation  factor  y of  the  burled  conductor  are  used  to  replace  those 
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of  the  aerial  transmission  line.  Consider  the  buried,  insulated  conductor  shown  in  Figure 
3-26.  If  the  conductor  extenas  from  z = -v  to  z = 0,  the  current  at  the  end  z = 0 is 
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Figure  3-28  BURIED  INSULATED  CONDUCTOR 
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y " Propagation  factor  for  the  cable/earth  linn 
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Zf  - Terminal  impedance  at  t - -V 

Zq  - Terminal  impedance  at  z - 0 
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(3-48a) 


Zv  - Zo 
Zv  + Z0 


Zo  - Z0 

Po  = (3-48b) 

Zo  + Z0 


The  current  lK«>  is  the  short-circuit  current  at  the  and  z - 0 of  a semi-infinite  burled  con- 
ductor extending  from  z = to  i “ 0.  This  short-circuit  current  is  given  by 


2E|  \ cos  \f>  { 

Z0y  I sin  0 sin  y>|  V - jkV-y 


13-49) 


where  r<.  * t:0/u  (o  is  the  soil  conductivity),  and  the  upper  trigonometric  function  applies  to 
vertical  polarization  and  the  lower  applies  to  horizontal  polarization  of  the  incident  field 
Ej  (see  Figure  3- 1 B for  spherical  coordinate  system). 

The  propagation  factor  7 and  the  characteristic  Impedance  Zu  are  obtained  from  the 
impedance  per  unit  length  Z end  the  admittance  per  unit  length  V with 


Zo  “ /z7y  7 » v/ZV 


(3-50) 


For  low  frequencies  (f  o/2xrt- ),  the  impedance  per  unit  length  is 


Z 


Mo  75(5 
+ jto  — Ion-1 

8 2,r  ’ 7o» 


(3  51) 


where  p0  is  the  permeability  of  free  space  (and  the  soil),  iS  is  the  skin  depth  in  the  soil,  a is 
the  effective  radius  of  the  conductors,  and  70  >=  1 ,781 . . , 
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The  admittance  per  unit  length  is 


V = ju;C| 


1 


(3-52) 


where  Cj  j$  the  capacitance  fir  unit  length  between  the  conductor  and  the  soil,  and  Y,  is  the 
admittance  per  unit  length  of  the  soli.  The  capacitance  Is 


C| 


2tre 

loo  r1/a 


(3-53) 


wnere  n l>  the  radius  to  the  outside  of  the  conduit.  The  admittance  per  unit  length  Y,  0f 
the  soil  is  given  by 


(3-54) 


(3-55) 
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at  low  frequencies.  The  impedance  per  unit  length  Z is,  therefore,  primarily  inductive  reac- 
tance with  a small  resistive  component  R = u>/i0/8,  8nd  the  admittancr  per  unit  length  V is 
primarily  capacitive  susceptance  jcoCj  with  a small  conductive  component 


G = 


u>2e2 


(3-56) 


The  attenuation  constant  a is, 


a * 


GZ0 

2 


(3-57) 


where  R and  G are  given  by  the  real  part  of  Eq.  (3-51 ) and  Eq.  (3-56),  respectively.  The 
characteristic  impedance  is 


Zo 


To  a 


(3-58) 


where  rjQ  "sA1 Veo  " 120tt.  The  Pl™S9 0*l»  approximately 


( 3 = Imfr] 


at 
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e r log 


7o9 

log  ry/e 


(3-69) 


The  quantities  a,  0/k,  and  |Z0I  are  plotted  in  Figures  3-27  and  3-28  for  a typical  4- 
inch  conduit  in  average  soil.  It  is  apparent  that  |Z0|  is  fairly  Independent  of  frequency,  0! k 
is  moderately  independent  of  frequency  °nd  of  the  order  of  3,  and  a is  strongly  dependent 
on  frequency  but  so  small  that  attenuation  in  propagating  a few  hundred  feet  Is  negligible  at 
frequencies  bBlow  1 MHz. 
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The  values  of  Z and  Y can  be  substituted  into  Eqs.  (3-50),  (3-49),  and  (3-47)  to 

a 

evaluate  the  current  in  the  conductors  for  frequencies  f < . Numerical  techniques  can  be 

2tre 

used  io  obtain  the  inverse  transform  of  Eg.  (3-47).  Somo  approximations  can  be  made  that 
permit  estimates  of  the  current  to  he  obtained  without  extensive  machine  computations.  In 
Eq,  (3-49),  for  example,  the  term  Z0y  can  be  approximated  by 


»o  Jib  IQMo 

Z0y  - Z * jw—  log—  * jcu  — (3-60) 

2n  y0a  2tr 


and  the  quantity  jk'Ar  is 


jk'  k cos  cos  i k' 

7 * 0 * 0 


(3-61) 


«X|  M 


Figure  3-27  CHARACTERISTIC  IMPEDANCE  Z0  AND  PROPAGATION  FACTOR 
0 FOR  CONDUCTORS  IN  A BURIED  NONMETALLIC  CONDUIT 
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Figure  3-28  ATTENUATION  CONSTANT  a 
FOR  CONDUCTORS  IN  A BURIED  NON- 
METALLIC  CONDUIT 


so  that  Eq.  (3-49)  becomes 
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(3-62) 


The  terms  1 ± jk'Ay  in  Eq.  (3  -47)  have  been  replaced  by  1 ± k‘/(3. 

For  an  exponential  pulse  E0e",/T  whose  transform  is  E0/(ju>  + 1/r),  the  short-circuit 
current  lK  « above  is  the  same  as  that  given  by  Eq,  (3-13)  for  a long,  hare  conduit.  The 
waveform  of  this  current  is  shown  in  Figure  3-17  and  its  amplitude  can  be  obtained  from 
Figures  3-1B  and  3-19,  For  the  finite  length  of  conduit,  this  waveform  Is  modified  by  the 
exponential  terms  in  Eq,  (3-47),  which  in  the  time  domain  represent  combinations  of  the 
basic  waveform  of  Figure  3-17  with  delay  and  attenuation. 
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A plot  of  the  Induced  current  waveform  for  an  incident  exponential  pulse  of  decay 
time  constant  r = 0.5  ps  is  shown  in  Figure  3-29  for  a 100-ft-long  ceble  short-circuited  at 
both  ends.  For  comparison,  the  short-circuit  current  1^  « induced  in  a semi-infinite  cable 
is  also  shown  as  a dashed  curve  in  Figure  3-29.  The  short-circuit  current  is  normalized  to 
the  quantity 

2E0  y/rfr  v 


where  v = u>/0.  The  upper  trigonometric  function  applies  to  vertical  polarization,  and  the 
lower  applies  to  horizontal  polarization.  For  the  waveform  of  Figure  3-29  the  attenuation 
a was  neglected,  and  the  phase  factor  0 was  assumed  to  have  a constant  value  of  3k  (see 
Figure  3-27).  It  is  observed  that  the  peak  short-circuit  current  induced  in  the  100-ft-long 
cables  is  almost  as  large  as  that  induced  in  the  semi-infinite  cable,  but  it  has  more  "fine 
structure"  because  of  the  end  effects  associated  with  the  finite  length,  It  is  also  observed 
that  the  value  of  l0  given  above  is  the  same  as  that  given  in  Eq,  (3-14)  for  a long  buried 
conductor  if  v 3 c,  k/(3  « 1,  and  the  approximation  of  Eq.  (3-60)  Is  used  for  Z0/v  * Zo-y/Jco. 

The  source  impedance  of  the  Norton  equivalent  source  associated  with  the  short- 
circuit  current  is 


COS  i fi  j 

sin  ip  sin  \jj  j 


(3-63) 


1 +PEe-2^ 

Z(0)  = Z0 = . (3-64) 

1 - pse*2>« 


where  is  given  by  Eq.  (3-48).  The  open-circuit  voltage  at  the  end  z - 0,  when  the  other 
end  has  a reflection  coefficient  pE  is,  therefore, 

Voc<0)  - l,c <0)  Z(0)  (3-65) 
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Flflur*  3-29  SHORT-CIRCUlT  CURRENT  AND  OPEN-CIRCUIT  VOLTAGE  INDUCED  IN 
CONDUCTORS  IN  A BURIED,  NONMETALLIC  CONDUIT 


where  lK|0i  Is  given  by  Eq.  (3-47)  when  pQ  - -1.  The  voltage  waveform  is  thus  similar  to 
the  current  waveform  except  that  the  reflected  waves  alternate  In  polarity.  This  can  be  seen 
by  examining  the  last  term  (outside  the  braces)  in  Eq.  (3-47): 


: — T,  [w!lT 

1 -plip0e-^y  n 0 


(3-66) 


When  p0  = -1,  as  is  the  case  for  the  short-circuit  current  at  z * 0, 


1_ 

1 + 


) " , (short-circuit  current) 

n — 0 


and  when  this  is  multiplied  by  Z(0)  to  obtain  the  open-circuit  voltage, 


(3-67) 


Z(0>  - 

1 +Pve-2>« 


1 

. = n 


(open  circuit  voltage). 

(3-68) 


The  odd  terms  in  the  voltage  series  are  thus  opposite  In  sign  to  the  corresponding  terms  in 
the  current  series  when  Ptj  » -1. 

The  open-circuit  voltage  waveform  is  also  plotted  in  Figure  3-29  (dotted  cun/e)  for 
the  100-ft-long  cable  with  the  end  z * -9  short-circuited.  The  voltage  is  normalized  to 
V0  ■ l0  Zq.  For  the  conditions  assumed  here  and  In  Figures  3-27  and  3-28,  a 50-kV/m 
exponential  pulse  with  a 0.6-jus  decay  time  constant  would  induce  a short-circuit  current  of 
600  A or  an  open-circuit  voltage  of  90  kV  at  the  end  of  the  100-ft-long  cables  in  non- 
metallic  conduit. 


3.4.3  TRANSFER  IMPEDANCE  OF  CABLE  SHIELDS 

When  the  cables  in  the  nonmetalllc  conduit  are  shielded  cables,  as  Is  generally  the 
case  tor  cables  used  between  the  potheads  and  ground-based  transformers,  the  currents  dis- 
cussed in  the  preceding  section  are  induced  in  the  cable  shields,  As  indicated  in  Section 
3.4.1  the  shields  for  these  cables  are  often  spiral-wound  copper  tape  and  the  tape  or  spiral- 
wound  shield  tends  to  behave  as  a solenoid  wound  about  the  internal  conductors.  There  is, 
therefore,  strong  coupling  between  the  shield  current  and  internal  conductors.  For  large 
dl/dt  (Jwl),  the  voltage  developed  per  turn  can  become  large  enough  to  produce  arcing 
between  turns.  (When  this  occurs,  the  shield  actually  Improves,  because  the  coupling  is  reduced). 
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For  a tape-wound  shield  in  which  the  turns  are  ,ioi  .A/erlapped  and  have  no  contact 
between  turns/  the  geometry  of  the  shield  can  be  du.ined  by  the  radius,  a,  of  the  shield  and 
the  width,  w,  of  the  tape  as  illustrated  in  Figure  3-30,  This  geometry  may  also  be  defined 
in  terms  of  the  spiral  -ingle  0 or  the  turns  per  unit  length  N,  which  art  related  through 

w sin  0 

cos  a “ — , N = (3-69) 

2rra  w 


and 


2»raN  - tan  0 . 

The  shield  current  I has  the  same  pitch  as  the  tape  and  is  assumed  to  be  uniformly  distributed 
across  the  tape  width,  w. 

The  transfer  Impedance  of  the  tape-wound  shield  Is4 

1 dV  / JwMo  \ „ 

n _ — a Zfn  + ( Z|  + " jtan2  B (3-70) 

I dz  ro  V ' Ait  ) 

and  Z|  * Ro7T  co  h 7T,  T is  the  tape  thickness  and  y * (1  + j)/fi 

(6  is  the  skin  depth  in  the  tape),  The  magnitude  of  the  transfer  Impedance  Zj,  normalized 
to  the  low-frequency  transfer  impedance  R0  of  a cylindrical  tube  of  the  same  wall  thickness, 
is  shown  In  Figure  3-31  for  various  spiral  angles  0.  The  low-frequency  transfer  impedance 
R0  is  the  dc  resistance  per  unit  length  of  a tubular  shield  of  radius  a and  thicknnss  T.  Under 
this  normalization  we  obtain 


where  Zro  “ Rc 


?T 

sinh  7T 


Zt  _ 7T 
R0  sinh  7T 


7T  coth  7T  + 


tan2  0 


(3-71) 


That  n,  the  contact  raslutance  is  large  compared  to  the  resistance  of  one  turn  of  tape. 
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Figure  3-30  ILLUSTRATION  OF  PARAMETERS  FOR  A SINGLE-LAYER  TAPE-WOUND  I. 

SHIELD  ! 

where  60  Is  the  skin  depth  for  a nonferrous  shield  (/u  - jj0),  whether  or  not  the  material  is 
ferrous,  with  a conductivity  o.  In  Figure  3-31,  a/T  * ID, 

From  Figure  3-31  It  Is  apparent  that  for  low  frequencies  (T/fi0  « 1)  the  transfer 
Impedance  increases  with  increasing  spiral  angle  0,  This  follows  from  the  fact  that  a larger 
spiral  angle  0 is  accompanied  by  a narrower  tape  (smaller  w)  and  more  turns  per  unit  length 
(larger  N).  Thus  the  tape  required  to  wind  a unit  length  of  shield  is  longer  and  narrower,  and 
has  a large  resistance,  for  large  spiral  angles, 

At  high  frequencies  (T/60  » 1)  the  transfer  impedance  is  dominated  by  the  indue-  \ 

tance  term,  which  Ir,  proportional  to  (T/5tl)2,  The  magnitude  of  the  transfer  Impedance 

again  increases  as  the  spiral  angle  n increases,  because  the  number  of  turns  per  unit  length  and  ) 

the  inductance  per  unit  length  increase, 
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NORMALIZED  TAPE  THICKNESS,  -i. 

o 

Flgur.  3-31  MAGNITUDE  OF  THE  TRANSFER  IMPEDANCE  COMPUTED  FOR 

A TAPE-WOUND  SHIELD 

Similar  expressions  have  not  been  developed  for  the  overlapped  tape-wound 
shields,  but  the  high-frequency  characteristics  of  a single-layer-overlapped  shield  with  tape 
width  wand  overlap  width  w0  can  be  obtained  by  substituting  w - w0  for  w In  Eq,  (3-69). 
At  low  frequencies  (T/6  « 1)  the  transfer  impedance  obtained  with  this  substitution  will 
be  too  large  by  a factor  w/(w  - w0),  however,  and  at  very  high  frenuencles,  the  capacitance 


between  the  overlapped  turns  will  begin  to  short  out  the  inductance  so  that  the  magnitude 
of  the  transfer  impedance  will  reach  a maximum  and  then  begin  to  decrease. 

Between  the  low-frequency  (resistive)  region  and  the  high-frequency  (capacitive) 

region,  the  tape-wound  shield  behaves  as  a solenoid  of  inductance  per  unit  length 


L “ — tan20  (3-72) 

4ff 

which,  for  a winding  angle  0 ■ 45°,  is  0.1  /uH/m.  For  current  rates  of  rise  of  tens  of  kilo- 
amperes  per  microsecond  that  might  be  Induced  in  the  cable  shield  by  a 60-k  V/m  incident 
exponential  field,  the  voltage  Induced  between  the  conductor  and  the  shield  would  be 

V « L — * 10-7  x 1010  - 103  V/m  . (3-73) 

dt 

Thus,  several  kilovolts  per  mater  would  be  induced  on  the  conductors  Inside  the  tape-wound 
shield,  compared  to  less  than  1 V/m  for  conductors  Inside  steel  conduit.  Typical  service- 
entrance  cables  cannot  be  considered  electrically  short  at  the  frequencies  penetrating  the 
tape-wound  shield.  For  this  reason,  a transmission-line  solution  such  as  that  described  In 
Eqs.  (2-3  through  2-5),  In  which  Ej  - IZt,  is  required  to  obtain  the  waveform  of  the 
induced  voltage, 

Shields  formed  with  a longitudinal  overlapping  seam  (0-0)  and  multilayer  spiral- 
wound  shields  with  alternating  winding  directions  for  alternate  layers  display  a much  smal- 
ler Inductive  coupling  effect  (typically  less  than  1 nH/m),  Evan  these  shields  are  much 
poorer  than  rigid  steel  conduit,  however,  because  they  are  thin  (usually  a faw  mils)  and  non- 
ferrous  (copper  or  aluminum),  For  example,  a 5-mil -thick  longitudinal  copper-tape  shield 
on  a 3/4- Inch-diamcter  cable  has  a dc  resistance  of  2.3  X 10“3  ohm/m  and  a cutoff  frequency 
(at  which  T - 6)  of  2.7  X 10B  Hz,  while  a 4-Inch  rigid  steel  conduit  has  a dc  resistance  of 
only  8, 1 X 1 0"6  ohm/m  and  a cutoff  frequency  of  only  2.3  Hz.  Thus  the  gain-bandwidth 
product  (Rofft)  for  the  thin  copper  shield  Is  about  3 X 10e  times  greater  than  that  of  the 
steel  conduit.  As  a lusult,  one  can  usually  neglect  the  effect  of  the  cable  shields  on  shielded 
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cables  routed  through  continuous  steel  conduit.  When  the  cable  shield  is  the  only  shield 
protecting  the  conductors  from  the  fields  in  the  soil,  however,  its  shielding  properties  are 
important  in  the  analysis  of  the  current  and  voltage  induced  on  the  conductors. 
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Chapter  Four 


PROPERTIES  OF  DISTRIBUTION 
TRANSFORMERS 


4.1  INTRODUCTION 

4.1.1  EFFECTS  OF  TRANSFORMERS  AND  LIGHTNING  ARRESTERS 

The  commercial  electric  power  for  operating  ground-based  facilities  is  typically 
supplied  from  three-phase  distribution  lines  with  a three-phase  ground-based  or  pole- 
mounted  transformer  bank  at  the  facility  to  reduce  the  voltage  to  120,  240,  or  4B0  V. 
Three  single-phase  transformers  are  usually  used  for  the  three-phase  system.  The  low- 
voltage  leads  from  the  transformers  are  carried  into  the  facility  in  plastic  or  rigid  steel 
conduit.  If  the  power  system  is  subjected  to  the  EMP  of  a nuclear  detonation,  extremely 
large  voltages  will  be  induced  in  the  long,  above-ground  transmission  lines  supplying  the 
primary  side  of  the  transformer.  Part  of  this  induced  voltage  will  be  passed  by  the 
transformers  and  will  enter  the  facility  on  the  low-voltage  power  conductors.  In  addition, 
the  induced  voltages  can  be  large  enough  to  fire  the  lightning  arresters  installed  between 
the  primary  terminals  of  the  transformer  and  ground.  However,  because  of  the  fast  rise 
time  (tens  of  nanoseconds)  of  the  induced  voltage,  the  lightning  arresters  fire  at  much 
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higher  voltages  under  the  EMP  excitation  than  they  do  with  the  more  slowly  rising  lightning 
transients. 

Single-frequency,  or  continuous-wave  (CW),  measurements  of  transformer  transfer 
characteristics  indicate  that  distribution  transformers  of  different  manufacturers  and 
winding  design  are  quite  similar  to  each  other.  All  transformers  display  a bandpass-filter 
characteristic  for  common-mode  excitation,  with  the  frequencies  below  a few  hundred 
kilohertz  suppressed  by  the  interwinding  capacitance  and  frequencies  above  about  10  MHz 
suppressed  by  the  bushing  inductance.  Generally,  the  type  of  winding,  the  manufacturer, 
and  even  the  kVA  rating  have  no  major  effect  on  the  transfer  characteristics,  although  each 
transformer  has  its  own  fine  structure  - for  example,  in  the  voltage  transfer  functions. 

The  results  of  transient  tests  of  the  transformers  at  excitation  levels  below  the 
lightning-arrester  firing  threshold  show  that  the  rise  times  of  the  primary  current  and  the 
secondary  voltages  are  stretched  by  the  transformer  bushing  inductance,  and  the  late-time 
response  of  the  secondary  voltage  is  suppressed  by  the  interwinding  capacitance.  Thus, 
a fast-rising,  wide-excitation  pulse  applied  to  the  primary  terminals  produces  a narrow 
pulse  with  a slower  rise  time  at  the  secondary  terminals.  The  peak  secondary-terminal 
voltage  for  a 1-V  common-mode  step  excitation  of  the  primary  terminals  is  0.2  to  0.3V, 
with  a time-to-peak  of  about  70  ns  and  a principal  response  duration  of  about  200  to 
400  ns. 


At  an  excitation  level  of  about  four  times  their  rated  voltage,  distribution  lightning 
arresters  fire  and  limit  the  primary  voltage.  Near  the  threshold,  ISO  to  200  ns  are  required, 
after  application  of  primary  excitation,  for  the  lightning-arrester  spark  gaps  to  ionize  and 
become  conducting.  As  the  excitation  level  Is  increased,  this  time  lag  is  decreased,  but 
fast-rising  excitation  voltages  may  reach  very  large  values  before  the  lightning  arresters 
fire.  Because  of  the  Inductively  limited  rate  of  rise  of  the  primary  current,  however,  it  Is 
theorized  that  most  of  the  initial  applied  voltage  appears  across  the  bushing  inductance, 
rather  than  across  the  winding  insulation.  The  shortest  time-  to-fire  that  has  been  observed 
experimentally  was  40  ns,  at  a firing  voltage  of  about  ten  times  the  rated  voltage  (2.5 
times  the  static  firing  voltage).  It  has  been  observed,  however,  that  in  spite  of  the  large  peak 
voltages  that  can  be  attained  befoie  the  lightning  arrester  fires,  the  lightning  arrester  always 
fires  before  any  of  the  transformer  insulation  (e.g.,  bushings,  winding  insulation)  fails.  Thus, 
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the  lightning  arresters  appear  to  be  effective  protective  devices  for  the  fast  rising  EMP 
transients  as  well  as  the  slower-rising  lightning  transients. 

The  effect  of  the  lightning-arrester  firing  on  the  secondary  voltage  waveform  has 
also  been  examined.  At  excitation  levels  onh  slightly  greater  than  the  firing  threshold,  the 
lightning-arrester  fining  has  very  little  effect  on  the  peak  secondary  voltage,  because  the 
firing  time-lag  is  about  as  wide  as  the  main  secondary  response  (about  200  ns).  At  greater 
excltatiun  levels,  where  the  firing  time-lag  Is  significantly  less  than  200  ns,  the  peak 
secondary  voltage  ceases  to  increase  linearly  with  the  excitation  level.  At  stilt  greater 
excitation  levels,  where  time-to-flre  Is  equal  to  or  less  than  the  time-to-peak  of  the  secondary 
voltage  (In  the  absence  of  the  lightning  arrester),  the  peak  secondary  voltage  becomes  virtually 
Independent  of  the  excitation  level.  For  the  7.2/1 2,B-kV  transformer  exhibiting  the 
strongest  common-mode  coupling,  this  saturation  level  was  about  30  kV  at  the  secondary 
terminals.  The  lightning  arresters  at  the  primary  terminals  are  therefore  effective  In  limiting 
the  EMP-Induced  throughput  of  the  transformers  as  well  as  In  protecting  the  transformer 
from  damage, 


4.1.2  TRANSFORMER  CONSTRUCTION 

Power  transformers  are  available  in  a variety  of  shapes  and  sizes;  the  discussion  here 
is  limited  to  a presentation  of  the  major  characteristics  of  the  oil-insulated  distribution 
transformers  of  the  type  commonly  used  for  single-customer  service.  In  these  transformers, 
the  transformer  core  and  windings  are  submersed  In  a metal  tank  of  Insulating  oil  that  circu- 
lates by  natural  or  forced  convection,  Glazed  porcelein  feedthrough  bushings  provide  access 
to  the  transformer  windings;  the  larger  primary  bushings  aro  commonly  mounted  on  the  tank 
lid,  while  the  smaller  secondary  bushings  are  usually  arranged  along  one  side  of  the  tank  (above 
the  internal  oil  luvel.  Figure  4-1  shows  a photograph  of  two  pole-mounting  transformers. 

The  internal  construction  of  a typical  transformer  is  Illustrated  in  Figure  4-2  with 
the  photographs  of  a 25-kVA  G.E.  unit  taken  from  the  primary  and  secondary  s'des  when 
the  core  and  windings  were  removed  from  the  housing  for  a final  damage  imp?  tlon,  The 
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Flgutt  4-1  TYPICAL  POWER-DISTRIBUTION  TRANSFORMERS 


switch  and  knob  visible  In  the  photographs  are  part  of  the  primary-side  tap  changer.  The 
single  primary  winding  is  actually  split  in  the  center  and  several  taps  are  made  on  each  side; 
this  permits  the  number  of  primary  turns  to  be  varied  somewhat  to  compensate  for  slight 
undervoltages  (the  adjustment  range  is  +0,  -10%  in  2.5%  steps).  The  types  of  windings  and 
insulation  used  in  the  transformer  depend  on  the  time  of  manufacture  of  the  transformer. 
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Figure  4-2  PHOTOGRAPHS  OF  THE  WINDINGS  AND  CORE  OF  THE  25-kVA  GE 
TRANSFORMER  (insert  shows  shefi-type  core  construction) 


Older  transformers  are  wound  with  round  or  rectangular  copper  wire  with  paper  or  cambric 
insulation  (in  addition  to  oil)  between  iayers.  At  the  time  of  this  writing,  however,  common 
practice  is  to  use  aluminum  strip  for  the  secondary  windings.  Because  economic  factors 
dictate  the  design  of  power  transformers,  the  relative  costs  of  copper  and  aluminum  and 
the  cost  of  manufacturing  processes  at  the  time  of  manufacture  have  strong  influences  on 
transformer  construction. 

In  shell-type  transformer  construction  (illustrated  in  the  inset  in  Figure  4-2)  the 
transformer  core  commonly  consists  of  two  roughly  square  cores  butted  together  along 
one  side,  with  the  windings  linking  each  hollow  square.  The  windings  of  the  transformers 
consist  of  concentrically  layered  primary  and  secondary  windings  with  the  primary  (high- 
voltage)  winding  sandwiched  between  the  secondary  windings.  This  construction  contributes 
to  asymmetry  in  the  coupling  between  the  primary  and  the  secondary  windings.  A simple 
rectangular  core  with  windings  on  two  legs  of  the  core  is  also  used  in  some  power  transformer 
designs. 


Basic  types  of  cooling  used  for  distribution  transformers  are  referred  to  by  the 
following  designations: 1 

• OA  - Oil- Immersed  Self-Cooled,  in  this  type  of  transformer  the  insulating  oil 
circulates  by  natural  convection  within  the  tank  (see  Figures  4-1  and  4-2). 

* 

• OA/FA  - Oil-Immersed  Self-Cooled/Forced-Air  Cooled.  This  type  of  transformer 
is  basically  an  OA  unit  with  the  addition  of  fans  to  increase  the  rate  of  heat  transfer 
from  the  cooling  surfaces. 

• OA/FOA/FOA  - Oil-Immersed  Self-Cooled/Forced-Oil  Forced-Air  Cooled/Forced- 
Oil  Forced- Air  Cooled.  OA  rating  increased  by  the  addition  of  some  combination 
of  fans  and  oil  pumps. 

• FOA  - Oil- Immersed  Forced-Oil-Cooled  with  Forced- Air  Cooler. 

• OW  - Oil-Immersed  Water-Cooled.  In  this  type  of  water-cooled  transformer, 
the  cooling  water  runs  through  coils  of  pipe  that  are  in  contact  with  the  Insulating 
oil  of  the  transformer. 
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• FOW  - Oil- Immersed  Forced-Oil  Cooled  with  Forced-Water  Cooler.  External 
oil-to-water  heat  exchangers  are  used  in  this  type  to  transfer  heat  from  oil  to 
cooling  water. 

• AA  - Dry-Type  Self-Cooled.  D /-type  transformers,  available  at  voltage 
ratings  of  15  kV  and  below,  contain  no  oil  or  other  liquid  to  perform  insulating 
and  cooling  functions. 

• AFA  ~ Dry-Type  Forced-Air  Cooled.  This  type  of  transformer  has  a single 
rating,  based  on  forced  circulation  of  air  by  fans  or  blowers. 

• AA/FA  - Dry-Type  Self-Cooled/Forced- Air  Cooled.  This  design  has  one 
rating  based  on  natural  convection  and  a second  rating  based  on  forced  circulation 
of  air  by  fans  or  blowers. 

Standard  Impulse  tests  are  conducted  on  distribution  transformers  to  ensure  that 
the  bushings  and  winding  insulation  meet  the  basic  insulation  level  (BID  specified  for 
their  type,  power,  and  voltage  class.  Transformers  In  a given  BIL  class  are  tested  to 
the  levels  given  in  Table  4-1,  The  three  basic  Insulation  tests  specified  by  the  American 
Standards  Association  are: 

(1 ) The  full-wave  test  with  an  impulse  that  reaches  Its  crest  in  1.5  ps  and  decays 
to  half  its  crest  voltage  in  40  ps. 

(2)  The  chopped-wave  test  in  which  the  impulse  is  truncated  by  an  air-gap 
firing  after  the  specified  minimum  time-to-flashover  has  elapsed.  Only  the 
leading  edge  of  the  impulse  is  applied  to  the  transformer,  since  the  air  gap 
chops  the  tail  off  the  impulse  after  the  specified  minimum  time. 

(3)  The  low-frequency  test  in  which  about  twice  the  rated  voltage  at  about  twice 
the  rated  frequency  is  applied  for  no  longer  than  1 minute. 

The  transformer  high-voltage  bushings  and  windings  must  be  capable  of  withstanding  these 
tests  when  applied  between  the  two  high-voltage  terminals  and  when  applied  between  either 
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Table  4-1 


STANDARD  INSULATION  CLASSES  AND  DIELECTRIC 
TESTS  FOR  DISTRIBUTION  AND  POWER  TRANSFORMERS 


Rated  Voltage  Between  Terminals 
of  Power-Transformers*8* 


Low- Frequency 

Tests 


Impulse  Tests 
Oil-Immersed  Trans- 
formers 500  kVA  or 
Less 


Chopped  Full 
Wave  Wave'8* 


1,6 

75 

1,8 

95 

3.0 

160 

3.0 

200 

3.0 

250 

3.0 

350 

3.0 

450 

3.0 

650 

3,0 

660 

3,0 

760 

3.0 

900 

3.0 

1050 

3.0 

1300 

3.0 

1550 

Notts  (al  Intermediate  voltsg*  ratings  or*  pltead  In  Ida  mat  higher  insulatinn  class  unltts  otherwise  spacltlad. 

lb)  Standard  Impulse  tasts  hava  not  baan  established  tor  dry-typ*  distribution  and  power  transformers. 
Prasant-day  valuas  for  Impulsa  lasts  ot  such  apparatus  ora  as  follows: 

1.3-kV  class,  10-kV;  2,5-kV  class,  20  kV;  6,0-kV  class,  2B  kV;  B.ee-kV  cl  Ml,  36  kV;  IB-kV  class, 

60  k V,  Thosa  values  apply  to  both  choppad-wavtr  and  lull-wav*  lasts, 

(c)  V-conn*ct*tl  transtormars  lor  operation  wltb  neutral  solidly  grounded  or  gmundad  through  an  Impedance 
may  have  raducad  Insulation  at  tha  neutral.  Whan  this  reduced  Insulation  Is  below  the  level  required  lor 
delta  operation,  transtormars  cannoi  be  oneralod  dalta-nannactad. 

Id)  Thai*  transformers  aru  Insulated  lor  tha  test  voltages  corresponding  to  tha  V connection,  so  that  a single 
lln*  ot  apparatus  sarvas  tor  tho  V and  delta  applications.  The  last  voltegts  lor  such  dalts-connactad 
slngla-phss*  translormars  ar*  tharalor*  on*  step  higher  than  needed  tor  thtlr  voltag*  rating. 

1*1  1,8  x 40-us  wav*. 

Source:  Mat.  I. 
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terminal  and  the  case.  The  Impulse  tests  are  to  be  conducted  with  normal  60- Hz  energization, 
and  timed  to  ensure  that  the  impulse  is  applied  within  30°  of  the  60-Hz  crest. 


4.1.3  LIGHTNING-ARRESTER  CONSTRUCTION 

Ti>*  valve-type  lightning  arrester  is  a series  combination  of  a spark-gap  assembly  and 
a nonlinear  resistance  element.  The  non-linear  resistance  element  is  voltage-sencitive;  its 
resistance  decreases  exponentially  with  the  voltage  across  it.  The  valve  elements  are  non- 
linear resistors  made  of  silicon-carbide  crystals, 

The  spark-gap  assembly  Is  designed  to  minimize  the  time  from  overvoltage  onset  to 
firing  and  to  minimize  the  time  duration  of  any  60  Hz  current  flow.  The  first  objective  is 
frequently  accomplished  by  use  of  a "preionizer. " Thu  latter  objective  !s  accomplished  by 
extending  the  arc's  path  length  and/or  by  breaking  the  arc  up  into  a number  of  parallel, 
series,  or  rotating  arcs,  This  tends  to  cool  (deionize)  the  arc  and  help  ensure  that  tht  arc  Is 
extinguished  at  or  before  the  end  of  the  half-cyclo  in  which  the  surge  or  overvoltage  occurs. 
The  gap  and  valve  assembles  of  a lightning  arrester  are  generally  hermetically  sealed  in  a 
glazed  porcelain  body  and  provided  with  an  external,  open-air  spark-gap  in  series  with  the 
arrestor.  Figure  4-3  shows  the  internal  construction  of  a typical  valva-type  lightning  arrester. 
Lightning  arresters  may  be  designed  as  a part  of  another  unit,  such  as  a fuse  or  a cutout 
twitch.  Figure  4-4  shows  three  arresters;  two  are  combination  units  that  Include  open-link 
fused  cutout  switches. 

Lightning  arresters  are  Installed  with  the  gap  side  of  the  arrester  connected  to  the 
line  and  the  opposite  end  grounded.  In  the  absence  of  a voltage  surge,  ell  of  the  line 
voltage  appears  across  the  open  gap  and  none  it  impressed  on  the  valve  element  (which 
typically  has  a maximum  resistsnce  of  a few  thousand  ohms).  If  the  arrester  Is  subjected  to 
an  overvoltage  with  a magnitude  sufficient  to  arc  across  the  gap  assembly,  the  resistance  of 
the  gap  assembly  Is  reduced  to  a negligible  value,  subjecting  the  valve  element  to  the  entire 
surge  voltage.  This  causes  the  valve-element  resistence  to  undergo  a rapid  decrease,  thereby 
forming  a low-resistance  path  to  ground  through  which  the  surge  can  bn  d’-jiipated. 
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FlBur.  4-3  INTERNAL  CONSTRUCTION  OF  A VALVE-TYPE  LIGHTNING  ARRESTER 


After  discharge  of  the  surge  voltage,  the  voltage  across  the  arrester  drops  back  to 
the  normal  line  voltage.  This  voltage  is  not  high  enough  to  initially  fire  the  arrester  s gap 
assembly,  but  it  would  be  adequate  to  maintain  the  external  arc  initiated  by  the  overvoltage 
if  it  WBre  not  tnat  (1 ) the  line  voltage  Is  insufficient  to  maintain  the  low  resistance  of  the 
valve  element  (which  therefore  returns  to  a high  value)  and  (2)  the  Internal  gap  assemblies 
are  designed  to  extinguish  the  lower  current  permitted  by  the  high  resistance  of  the  valve 
element, 

The  rapid  ircteasu  in  the  valve  dement's  resistance  causes  a substantial  reduction 
in  the  60-cyclc  power  current;  older-style  arresters  railed  on  this  to  reduce  the  current  flow 
to  a value  low  enough  that  the  gap  assembly  could  act  to  extinguish  the  arc  at  or  before  the 
next  system  voltege  zero.  This  subjects  the  valve  element  to  considerable  currents  for  a 
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Figur*  4-4  LIGHTNING-ARRESTER  STYLES  USED  IN  CONJUNCTION  WITH  THE 
TRANSFORMER  HV  TRANSIENT  TESTS 

potentially  extended  period  of  time;  modern  arresters  are  designed  to  tramfer  much  of  this 
responsibility  for  60  Hi  current-limiting  to  the  arrester  gap  assembly  Itself.  The  major 
benefit  of  *his  design  Is  that  the  valve  elements  can  have  lower  discharge  resistances,  which 
decrease  the  arrester's  IR  drop.  This  IR  drop  is  the  voltage  applied  to  the  devices  or  circuitry 
that  the  arrester  is  Intended  to  protect  during  an  overvoltage  surge.1 ,2 

Typical  firing  characteristics  of  distribution-type  lightning  arresters  are  shown  In 
Section  2,6.3. 


4.2  LINEAR  CHARACTERISTICS  OF  TRANSFORMERS 

4.2,1  ANALYSIS  OF  TRANSFORMER  COUPLING  CHARACTERISTICS 

The  linear,  high-frequency  behavior  of  power  transformers  has  been  studied  in  con- 
nection with  their  response  to  lightning  transients  and  their  effect  on  the  power-line  carrier 
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communication  systems.3,4'*1  Unfortunately,  the  analytical  treatments  of  the  transformer, 
in  order  to  be  tractable,  tend  to  be  highly  idealized;  the  models  obtained  therefrom  must  be 
accepted  with  due  regard  for  these  idealizations.  Two  areas  in  which  the  models  fail  to  ade 
quately  describe  the  transformer  are  in  the  primary  bushing  impedance  (which  is  probably 
not  significant  for  lightning  transients,  but  Is  for  EMP),  and  in  the  symmetry  of  the  windings, 
in  addition,  most  of  the  models  seem  to  Imply  that  a common-mode  primary  excitation 
produces  no  dlffercntiu!-mode  secondary  response  because  both  the  primary  and  secondary 
windings  are  assumed  to  be  symmetrical  with  respect  to  the  core  and  with  respect  to  each 
other.  In  practice  these  windings  are  far  from  symmetrical  in  either  respect,  so  that 
coupling  in  the  above  mode  Is  significant. 

The  linear  response  of  power  transformers  can  be  analyzed  by  treating  the  primary 
end  aecondary  windings  of  the  transformer  as  coupled  transmission  lines,3,4,6  The  windings 
ere  characterized  as  illustrated  In  Figure  4-5  by  (1)  Inductances  Li  and  Lj  and  resistances 
Rl  and  Rj  per  unit  length  shunted  by  the  tum-to-turn  capacitances  per  unit  length,  C„  and 
Ch ; (2)  capacitances  per  unit  length  C ii  and  C22  between  the  winding  and  the  core  or 
housing;  and  (3)  a capacitance  per  unit  length  C12  between  the  primary  and  secondary 
windings  and  a mutual  Inductance  M betwoen  the  primary  and  secondary  turns.  Coupling 
between  the  primary  and  secondary  at  low  frequencies  (e.g.,  power  frequencies)  Is  primarily 
through  the  mutual  Inductance  M,  but  at  high  frequencies  the  capacitances  C„  and  Ch  carry 
most  of  the  current  between  the  terminals,  and  the  coupling  between  primary  and  secondary 
windings  Is  primarily  through  the  interwlndlng  capacitance  C12.  The  manner  In  which  one 
divides  all  frequencies  Into  low  and  high  frequencies  Is  dependent  on  the  power  and  voltage 
rating  of  the  transformer,  since  the  turn-to-turn  capacitances  C*  and  Ch  and  the  prlmary- 
to-secondary  capacitance  C12  are  dependent  on  number  of  turns,  size  of  wire,  and  compact- 
ness of  windings.  For  example,  measurements  on  a 9.5  kV/220- V service  transformer  have 
shown  that  the  primary  turn-to-turn  capacitance  Ch  Is  dominant  above  2.4  kHz,  but  the 
secondary  turn-to-turn  capacitance  C*  Is  not  dominant  until  frequencies  wolt  above  23  kHz 
are  reached. 

Thus,  a complete  and  accurate  analysis  of  the  linear,  transient  behavior  of  a trans- 
former at  higher  frequencies  must  take  into  account  the  Interwinding  capacitances,  as  well 
as  the  self  and  mutual  Inductanc  1 of  the  winding.  Furthermore,  as  is  pointed  out  In 
Refs,  3 and  4,  an  important  difference  exists  between  the  transmission-line  model  of  the 
transformer  windings  and  the  conventional  transmission  line,  regarding  the  self  and  mutual 
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MUTUAL 

M12  • mutual  mductnncc  botwotm 
primary  mid  iccondmy 

C(J  ■ cipccilanc*  but  warn  primary 
and  itcondmy  wmdingi 

PRIMARY  (H1-H2I 
Ch  ■ turn  -lo-turn  capacitanca 
L1  " sail  inductance  ot  winding 
R,  * winding  miltance 

* windmg-tn-lrama  capacitanca 
l.fa)  * inductance  til  buihing 
Cfe)  * capacitance  ol  buihing 

SECONDARY  (XI -X2) 

C(  * tutn-to-lurn  capacitance 
Lj  ■ lelt  inductance  ol  winding 
Rj  * winding  raiiitanca 
Cj2  ’ winding-to-fruine  capacitanca 
Lha  " inductance  ol  buihing 
ChJ  * capacitance  ol  buihing 

Figure  4-6  TRANSMISSION- LINE  MODEL  FOR  COUPLED  TRANSFORMER  WINDINGS 

Inductance  per  unit  length.  This  difference  is  related  to  the  fact  that  the  inductance  (self 
or  mutual)  of  a turn  Is  a function  of  the  position  of  the  turn  in  the  whole  winding.  For 
example,  a turn  In  the  center  of  the  winding  is  coupled  to  other  turns  on  either  side  of  It, 
while  a turn  at  the  end  of  the  winding  Is  coupled  to  other  turns  on  only  one  side.  Reference 
3 proposes  a parabolic  variation  of  magnetic  flux  partially  linking  the  turns,  with  a maximum 
partial  flux  linkage  at  the  center  of  the  winding  and  the  flux  linkage  decreasing  toward  the 
ends  of  the  winding  and  reaching  aero  at  some  point  beyond  the  end  of  the  winding.  This 
variation  in  flux  linkage  leads  to  self  and  mutual  inductances  that  are  functions  of  position, 


The  result  is  a set  of  two  coupled  fourth-order  differential  equations  relating  the  mutual  and 
selMnductance  voltages  of  the  primary  and  secondary  windings  - i.e., 


A4 Vi  3 _ 

+ jcu — [Li  Ili  + M I L2 J = 0 (4-1) 

Ox4  3x 

S4V2  d _ 

+ iw  --[L2*L2  + MIli]=  0 (4-2) 

9x4 

Where  Vi  is  the  voltage  on  the  high-voltage  winding  and  V2  is  the  voltage  on  the  low- 
voltage  winding  (both  referred  to  the  transformer  core  and  frame),  and  Li . L2,  and  M are 
the  self  and  mutual  inductances, 

A detailed  solution  of  Eqs,  (4-1 ) and  (4-2)  appears  in  Refs.  3 through  5.  The 
results  are 

j p8  - pV  (LiCh  + L2Ck)  + pV  [LtCn  + L2C22  + C12  (Li  + L2  - 2M)] 

+ p4s4  (Li  L2  - M2)ChCx  + p2s4(M2  - Li  L2)  (C„Cn  + CXC12  + ChCi2  + ChC22) 

+ s4  (Li  L2  - M2>  (C11C22  + C11C12  + C22C12)  J V-0  (4-3) 

where 


pn  = 3n/f)xn  and  f1  = (jco )n  or  (VVdt0. 

The  solution  to  this  eighth-order  differential  equation  depends  on  access  to  a great  deal  of 
information  not  normally  available  and  not  readily  determined  from  measurements  made 
at  the  transformer's  terminals,  In  addition,  the  winding  resistances  Ri  and  R2  have  not  been 
Included  In  the  voltage  equations.  Finally,  for  distribution-type  power  transformers,  the 
lumped  bushing  capacitance  Q,  and  inductance  Lt,  in  Figure  4-6  play  an  important  role  In 
determining  the  coupling  between  the  primary  and  secondary  windings,  since  they  behave 
as  L-sectlon  filters  between  the  transformer  terminals  and  the  windings  at  high 
frequencies.6,7 
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It  Is  Informative  to  examine  the  behavior  of  the  transformer  at  the  extremes  of  the 
frequency  range.  As  u>  approaches  zero,  for  example,  all  capacitive  susceptances  become 
small  and  we  are  left  with  only  the  self-  and  mutual-inductance  terms  in  the  equivalent 
circuit  of  Figure  4-5  (the  winding  resistances  have  been  neglected).  In  addition,  because 
the  windings  are  short  compared  to  a wavelength  at  low  frequencies,  the  distributed  self 
and  mutual  inductances  can  be  adequately  represented  by  lumped  self  and  mutual  Inductances 
as  illustrated  In  Figure  4-6(a),  where  the  equivalent  circuit  of  an  ideal  transformer  is  shown. 
The  practical  equivalent  circuit  containing  copper  losses  (winding  resistances)  Ri  and  R2, 
and  core  loss  Rc,  Is  shown  in  Figure  4-6(b)  with  all  impedances  referred  to  primary  side. 

At  the  high-frequency  extreme,  w approaches  Infinity  and  the  capacitive  reactances 
carry  all  of  the  current,  leaving  none  to  flow  through  the  self  and  mutual  inductances  of 
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lb)  PRACTICAL  EQUIVALENT  CIRCUIT 

Figure  4-6  LOW-FREQUENCY  EQUIVALENT  CIRCUITS  FOR 
A TRANSFORMER 
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Figure  4-5  (except  the  bushing  inductances).  The  differential  equation  for  the  voltage  in 
either  winding  becomes 

c^V  CxCn  + CxCi2  + ChCi2  + ChC22  d^V  C11C22  + C11C12  + C22C12 

v - 0 (4-4) 

dx4  Ch^x  dx^  C|,CX 

and  u. 0 high-frequency  equivalent  circuit  becomes  that  illustrated  in  Figure  4-7.  The  stray 
Inductance  and  capacitance  associated  with  the  bushings  has  been  retained  in  Figure  4-7(a) 
because  these  small  inductances  are  significant  in  the  high-frequency  response,  and  they 
are  not  bypassed  by  capacitances  as  are  the  winding  inductances.  Notice  that  the  distributed 
capacitances  Cn,  C*.  C11,  C22.  and  Cu  form  a capacitive  network  that  couples: 

(1 ) The  primary  terminals  to  each  other  and  to  the  case  or  core 

(2)  The  secondary  terminals  to  each  other  and  to  the  case  or  core 

(3)  Each  primary  terminal  to  each  secondary  terminal. 

A rough  lumped-element  equivalent  circuit  is  shown  in  Figure  4-7(b)  in  which  the  distributed 
winding  capacitances  have  been  replaced  by  lumped  capacitances  between  windings, 
between  terminals,  and  between  terminals  and  ground  (case  or  core).  Even  with  this 
simplification,  the  relation  between  primary  and  secondary  currents  and  voltages  is  not 

simple,  but  the  coupling  paths  are  more  obvious  and  the  bandpass  nature  of  terminal-to- 
termlnal  coupling  caused  by  the  bushing  inductances  and  the  bushing  and  winding  capacitances 
is  apparent. 

The  analytic  model  of  Figure  4-5  is  probably  a good  representation  of  a bifilar- 
wound  1 : 1 transformer,  but  for  typical  power  transformers  that  have  separate  primary  and 
secondary  windings  the  analytic  model  is  only  a crude  approximation  at  high  frequencies. 

It  Is  nevertheless  a useful  aid  In  Interpreting  the  transient  behavior  of  practical  power  trans- 
formers. It  is  alto  significant  that,  because  the  primary  windings  of  transformers  are 
dominated  by  the  turn-to-turn  capacitance  above  a few  kilohertz,  the  high-frequency 
equivalent  circuit  may  be  applicable  throughout  the  10-kHz-to-100-MHz  frequency  range 
of  Interest  here. 
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<b>  APPROXIMATE  LUMPED-Et  EMINT  CIRCUIT 


Figur*  4-7  HIGH-FREQUENCY  EQUIVALENT  CIRCUITS  FOR  A TRANSFORMER 

4.2.2  DISTRIBUTION  OT  VOLTAGE  ALONG  THE  WINDINGS 

The  distribution  of  a transient  voltage  along  a transformer  winding  can  be  estimated 
from  the  distributed-paramoter  circuit  model  of  Figure  4-5.  The  results  of  calculation  with 
such  a model  (without  bushings)  predict  that  when  a fast-rising  voltage  reaches  a terminal 
of  one  winding  of  a two-winding  transformer,  the  voltage  is  Initially  distributed  nonunlformly 
in  both  windings  due  to  the  effect  of  the  turn-to-turn  capacitance,  the  capacitance-to- 
ground  of  each  winding,  and  the  mutual  capacitance  between  the  windings.  Following  this 
initial  capacltively  coupled  transient,  both  windings  go  into  oscillation  due  to  the  interaction 
of  their  inductances  and  capacitances. 

Figures  4-8,  4-9,  and  4-10  show  plots  of  calculated  voltages  In  the  windings  of  a 
single-phase  transformer  when  stressed  at  the  high-voltage  terminal  with  a fast-rising  voltage. 
The  neutral  of  the  primary  winding  and  both  of  the  terminals  of  the  secondary  winding  of 
the  transformer  are  assumed  to  rise  to  a peak  of  330  kV  in  10  ns. 


217 


HV  TERMINAL 


NEUTRAL 


Figure  4-8  SPATIAL  DISTRIBUTION  OF 
WINDING  VOLTAGE  AT  EARLY  TIMES. 
Source;  Ref.  8. 


Figure  4-8  shows  the  spatial  dis- 
tribution of  the  voltage  inside  the  pri- 
mary and  secondary  winding  for  early 
times  during  which  only  the  winding 
capacitances  aro  playing  a role.  The 
spatial  coordinate  Is  the  distance  along 
the  axis  of  the  winding,  which  is  as- 
sumed to  be  cylindrical  in  shape.  The 
zero  of  the  spatial  coordinate  is  as- 
sumed to  be  at  the  high-voltage  termi- 
nal of  the  winding,  with  100%  of  the 
winding  having  been  traversed  upon 
reaching  the  neutral.  It  Is  clear  from 
Figure  4-8  that  for  times  of  the  order 
Qt  the  rise  time  of  the  pulse,  the  voltage 
applied  to  the  high-voltago  terminal 
does  not  distribute  itself  uniformly  over 
the  entire  winding  but  tends  to  pile  up 
across  the  first  40%  of  the  turns  nearest 
the  high-voltage  terminal.  Hence,  the 


peak  applied  voltage  of  330  kV  is  Impressed  upon  the  Insulation  of  these  first  turns  alone 
and,  depending  upon  the  insulation  strength,  could  cause  breakdown.  From  Figure  4-8  it 
Is  also  apparent  that  the  voltages  In  the  secondary  winding  due  to  the  various  winding 
capacitances  are  much  less  than  those  in  the  primary. 


After  the  Initial  transients  shown  in  Figure  4-8,  which  propagate  through  the  wind- 
ings by  means  of  the  turn-to-turn  capacitance,  the  capacitance  to  ground,  and  the  mutual 
capacitance,  oscillations  are  set  up  due  to  the  combined  effect  of  the  winding  Inductances 
and  capacitances.  This  behavior  is  shown  In  Figures  4-9  and  4-10.  The  oscillations  become 
apparent  only  for  times  of  the  order  of  or  greater  than  the  first  natural  period  of  the  wind- 
ings, which  lies  In  the  range  of  a few  microseconds  for  the  secondary  winding.  By  these 
times,  the  voltage  at  the  high-voltage  terminal  of  the  primary  Is  also  beginning  to  decoy,  but 
because  the  natural  frequency  of  the  primary  winding  is  much  lower  than  that  of  the  secon- 
dary, only  the  beginnings  of  an  oscillation  are  apparent  In  the  primary  voltage  distribution, 
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Figurt  4-9  VOLTAGE  DISTRIBUTION  ALONG 
PRIMARY  WINDING  AT  LATE  TIMES.  Source; 
R§(.  8. 
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The  results  shown  in  Figures 
4-8  through  4-10  are  indicative  only 
of  the  qualitative  behavior  of  a station 
transformer  stressed  by  EMP,  because 
of  the  waveform  assumed  and  because 
the  circuit  constants  for  the 
transformer  can  be  estimated  only 
crudely.  In  addition,  because  the 
inductance  and  capacitance  of  the 
bushings  ere  neglected  In  the  calcu- 
lation of  the  voltage  distributions 
shown  In  Figures  4-8,  4-9,  and  4-10, 
the  assumed  rate  of  rise  (33  kV/ns)  is 
considerably  greater  than  that  actually 
applied  to  the  winding  by  an  EMP- 
Induced  voltage.  For  example,  a 300- 
ohm  line  feeding  a 100-pF  bushing  has 
a rise  time-constant  of  30  ns,  so  that 
even  a step-fronted  wave  would  have 
Its  rise  slowed  to  about  60  ns  upon 
entering  the  transformer. 


Figure  4-10  VOLTAGE  DISTRIBUTION  ALONG 
SECONDARY  WINDING  AT  LATE  TIMES,  Routes; 
Ref.  8. 


4.2.3  CW  MEASUREMENTS  OF  TRANSFORMER  CHARACTERISTICS 

Viewed  as  a multiterminal  network,  the  yplcal  distribution  transformer  of  the  types 
discussed  here  must  bo  considered  a 7-terminal  device,  because  there  are  two  primary  termi- 
nals, four  secondary  turmlnals  (two  for  each  winding),  and  a ground  or  case  terminal,  A 
large  number  of  measurements  are  tequired  to  specify  the  equivalent  impedances  between 
the  terminals  of  a 7-terminal  device,  and  even  with  these  impedances  specified, 
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considerable  complex  algebra  Is  required  to  apply  the  equivalent  circuit  to  a practical  trans- 
former coupling  problem.  To  avoid  this  complexity,  the  complete  definition  of  the  equiv- 
alent network  has  been  compromised  in  favor  of  obtaining  readily  usable  equivalent  circuits 
that  are  representative  of  those  encountered  in  typical  transformer  installations.7  Thus, 
instead  of  defining  a 5-  or  7-terminal  network,  we  have  defined  the  four  3-terminal 
networks  illustrated  in  Figure  4-11. 

Low-level  CW  measurements  of  the  voltages  and  currents  necessary  to  specify  the 
elements  of  the  T-networks  of  Figure  4-11  have  been  made  over  the  frequency  range  from 
10  kHz  to  60  MHz  for  each  of  four  transformers7  (sbb  Table  4-2).  To  illustrate  the  simi- 
larity of  the  transfer  characteristics  of  the  transformer  and  to  illustrate  the  dominant 
features  of  the  coupling  analysis  discussed  above,  the  ratio  of  the  voltage  delivered  to  a 
100-ohm  load  across  the  undrlven  terminals  to  the  driving  voltage  has  been  computed  for 
each  transformer  for  each  of  the  four  configurations  of  Figure  4-11. 


Table  4-2 

PROPERTIES  OF  CLASS  OA  TRANSFORMERS  USED  IN  CW  AND 
TRANSIENT  MEASUREMENTS 


Unit 

No. 

Power 

Rating  (kVA) 

Voltage  Rating 
(V) 

Manufacturer 

Secondary 

Winding 

1 

25 

7200/12470  Y-  120/240 

General  Electric  (new) 

Aluminum  strip 

25/28 

13200-  120/240 

AHis-Chalmers  (used) 

Copper  wire 

25 

7200/12470  Y-  120/240 

Westlnghouse  (new) 

Aluminum  strip 

4 

50 

7200/12470  Y - 120/240 

A''ls-Chalnvjrs  (new) 

Aluminum  strip 

The  voltage  transfer  function  for  the  comnon-mode  configuration  of  Figure  4-1 1(d) 
Is  shown  in  Figure  4-12  for  each  of  the  four  transformers.  The  average  t.ansfer  characteristic 
for  all  four  transformers  Is  also  shown  In  Figure  4-12.  It  is  apparent  from  Figure  4-12  that 
the  coupling  to  the  100-ohm  load  Is  dominated  by  the  interwinding  capacitance  In  the  low- 
frequency  range  between  10  kHz  and  about  1 MHz.  The  average  interwinding  capacitance 
from  Figure  4-12  Is  about  1000  pF  In  this  configuration.  Also  apparent  is  the  effect  of  the 
bushing  capacitance  and  the  lead  inductance  associated  with  the  primary  bushings  and  the 
leads  to  the  secondary  bushings  in  reducing  the  voltage  transfer  function  above  about 
10  MHz.  In  spite  of  the  fact  that  two  different  power  ratings,  two  different  winding  types, 
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and  three  different  manufacturers  are  represented  by  the  four  transformers,  their  common- 
mode  voltage  transfer  characteristics  are  remarkably  similar. 

Similar  results  for  the  common-mode  excitation  and  differential-mode  output  of 
Figure  4-11  (a)  are  shown  in  Figure  4-13.  Although  the  four  transformers  are  similar  in 
this  mode  also,  the  deviations  of  the  Individual  transformers  from  the  mean  Is  greater. 

As  can  be  seen  in  the  approximate  equivalent  circuit  of  Figure  4-7,  the  coupling  for 
common-mode  excitation  (HI  and  H2  driven  against  ground)  and  differential-mode  loading 
(X2  grounded  and  100  ohms  between  XI  and  ground)  Is  achieved  through  the  asymmetry 
of  the  windings  (the  asymmetry  occurring  naturally  due  to  the  construction  of  the  trans- 
former as  well  as  that  introduced  by  grounding  the  terminal  X2).  This  voltage  transfer 
function  is  thus  more  dependent  on  the  winding-to-case  capacitance  and  the  turn-to-turn 
capacitance  than  are  the  common-mode  transfer  functions  of  Figure  4-12.  Thus  the  type 
and  form  of  the  secondary  winding  are  probably  responsible  for  the  greater  variation  ahnong 
the  transformers  In  Figure  4-13,  In  spite  of  this,  however,  the  similarity  of  the  four  trans- 
formers is  quite  striking.  It  is  noteworthy  that  in  this  coupling  mode  also,  the  transformer 
displays  a likeness  to  a bandpass  filter, 

Figure  4-14  illustrates  the  voltage  transfer  characteristics  for  the  common-mode 
secondary  excitation  and  differential-mode  primary  loading  of  Figuro  4-11  (b).  The 
coupling  mechanism  for  this  configuration  is  similar  to  that  in  the  preceding  example,  except 
that  the  forced  unbalance  (caused  by  grounding  H2I  is  now  in  the  primary  winding.  Because 
ttiere  is  only  one  primary  winding  and  it  is,  in  all  four  cases,  placed  between  the  secondary 
windings,  coupling  in  this  mode  is  undoubtedly  more  strongly  dependent  on  the  inter- 
winding  capacitance  than  on  the  primary-winding-  to  ground  capacitance,  The  observed 
similarity  among  the  transfer  characteristics  in  Figure  4-14  is  quite  strik  ing,  and  again  the 
bandpass-filter  characteristics  are  apparent. 

Tito  voltage  transfer  characteristics  for  differential -mode  excitation  and  differential- 
mode  loading  | see  Figuro  4-11  (c)  | are  shown  in  Figure  4-15,  For  this  configuration,  as 
for  the  other  configuration  involving  a differential-mode  secondary,  there  Is  considerable 
variation  from  transformer  to  transformer,  although  there  is  significant  overall  similarity, 

It  appears  that  below  about  100  kHz  the  transfer  tunctlon  is  relatively  independent,  of 
frequency.  If  H2  and  XT  In  Figure  4-7  are  grounded,  the  coupling  between  HI  and  XI  is 
through  the  capacitive  divider  formed  by  the  interwlnding  (C'u)  and  winding-to-  ground 


222 


4-12  MAGNITUDE  OF  TRANSFER  FUNCTION  RELATING  COMMON-MODE  PRIMARY  VOLTAGE  TO  COMMON-MODE 
IDARY  VOLTAGE  ACROSS  A 100-ohm  LOAD  FOR  THE  TEST  TRANSFORMERS 


ure  4-13  MAGNITUDE  OF  TRANSFER  FUNCTION  RELATING  COMMON  MOOE  PRIMARY  VOLTAGE  TO  DIFFERENTIAL 
lOE  SECONDARY  VOLTAGE  ACROSS  A 700-ohm  LOAD  FOR  THE  TEST  TRANSFORMERS 


4-13  (Concluded) 


Figure  4-14  MAGNITUDE  OF  TRANSFER  FUNCTION  RELATING  DIFFERENTIAL-MODE  PRIMARY  VOLTAGE  TO  COMMON 
MODE  SECONDARY  VOLTAGE  ACROSS  A 100-ohm  LOAD  FOR  THE  TEST  TRANSFORMERS 


Figure  4-15  MAGNITUDE  OF  TRANSFER  FUNCTION  RELATING  DIFFERENTIAL-MODE  PRIMARY  VOLTAGE  TO 
DIFFERENTIAL-MODE  SECONDARY  VOLTAGE  ACROSS  A 100-ohm  LOAD  FOR  THE  TEST  TRANSFORMERS 
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<C'ii.  C'22)  capacitances,  In  addition,  the  transformer,  in  this  configuration,  is  behaving 
somewhat  as  a step-down  transformer  even  though  the  primary  current  is  being  shunted 
by  the  turn-to-turn  capacitance  (the  primary  resonance  occurs  below  10  k H <e ) . In  either 
event,  winding  resonances  that  are  unique  to  the  individual  transformers  occur  above  100 
kHz. 

When  the  average  characteristics  of  the  four  configurations  are  compared,  it  is 
apparent  that  the  voltage  transfer  function  for  a 100-ohm  load  Is  greatest  for  the  common- 
mode-to-common-mode  configuration  (Figure  4 1 2),  slightly  less  for  the  common- moda- 
primary-to-dlfferentlal-mode-secondary  (Figure  4-13),  and  slightly  less  yet  for  the  dlffer- 
ential-mode-secondary-to-common-mode-primary  (Figure  4-14).  The  smallest  high- 
frequency  coupling  occurs  for  the  dlfferential-mode-to-dlfferentlal-mode  configuration, 
but  in  this  configuration  the  low  frequencies  are  not  cut  off  as  strongly  as  they  are  in  the 
other  configurations, 


4.2.4  LINEAR  TRANSIENT  TEST  RESULTS 

Transient  tests  of  the  four  transformers  of  Table  4-2  have  also  been  conducted  at 
a low  level  to  obtain  the  linear  response  characteristics  of  the  transformers,7  The  driving 
level  used  for  these  tests  ranged  from  about  8 kV  to  about  40  kV  (the  lightning  arresters 
fired  at  about  42  kV),  At  driving  levels  below  the  threshold  for  lightning-arrester  firing, 
the  transformer  behaves  as  a linear  device,  and  the  transient  responses  can  be  related  to 
the  frequency-domain  characteristics.  The  circuits  of  Figure  4-16  were  used  for  these  tests. 

For  the  low-level  tests,  the  0.075-pF  switched  capacitor  was  used  as  the  driving 
source,  so  that  the  source-voltage  waveform  across  the  100-ohm  resistor  at  the  pulser 
output  terminals  (see  Figure  4-16)  was  an  exponential  pulse  with  a 10-to-90%  rise  tima  of 
about  20  ns  and  a decay  time  constant  of  about  7.6  n*.  The  voltage  waveform  appearing 
at  the  terminals  of  the  transformer  Is  shown  In  Figure  4-17.  A slight  oscillation  during  the 
first  400  ns  caused  by  the  winding  reactance  Is  apparent  in  Figure  4-17.  Also  of  interest  is 
the  waveform  of  the  current  entering  the  transformer,  shown  in  Figure  4-1B.  (Figure  4-18 
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(a)  COMMON-MODE  DRIVE  AND  COMMON-MODI  OUTPUT  CONPIQURATION8 
(ihown  with  triniform«r  monetary  wlndlnoi  honnaetad  in  wrlail 


(hi  DIPPER  INTI  AL-MODI  ORIVI  AND  DIPPIRENTIAL-MODI  OUTPUT  CONPIQURATION8 
(ihown  with  trandormtr  monetary  winding!  oonnaetad  In  ptrtllal) 


Flguft  4-16  SCHEMATIC  DIAGRAM  OF  TRANSFORMER  TEST  CIRCUITS  liubicrlpti  on  V 
and  I Indicate  tait  mniurament  point*) 

»howj  th»  total  capacitor  current,  which  include*  about  300  A through  the  100-ohm  load.) 
It  li  obierved  that  the  rise  time  of  the  current  Is  significantly  longer  than  that  of  the  driving 
voltage.  This  observation  it  consistent  with  the  contention  that  significant  series  inductance 
Is  associated  with  the  primary  bushings.  It  in  also  observed  that  the  duration  of  the  current, 
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Figure  4-17  WAVEFORM  OF  EXCITATION  VOLTAGE 
APPLIED  TO  TRANSFORMER 


va  hen  the  load  resistor  current  is  neglected,  is  much  shorter  than  the  duration  of  the  im- 
l»r  'Fsod  voltage.  The  primary  current  is  mainly  that  required  to  charge  the  capacitances 
associated  with  the  windings  and  bushings,  and  once  these  are  charged,  no  more  current, 
other  thun  that  associated  with  the  oscillations  triggered  by  the  transients,  can  flow,  The 
waveforms  shown  in  Figures  4-17  and  4-18  were  obtained  with  the  25-kVA  G.E.  trans- 
former in  the  common-mode  drive  configuration,  but  they  are  quite  representative  of  the 
yonorol  characteristics  of  all  the  transformers  tested. 


The  waveforms  of  the  voltage  across  the  100-ohm  load  on  the  secondary  terminal 
XI  are  shown  in  Figure  4-19  for  the  four  transformers  tested  in  the  configuration  of 
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Figure  4-18  WAVEFORM  OF  PUISER  CAPACITOR  DISCHARGE 
CURRENT  (which  Includes  the  current  through  the  100-ohm  ptilsm  load) 

Figure  4 - 1 G . From  tho  fast  oscillograms  of  Figure  4-19  It  is  apparent  that  the  rise  times 
of  the  secondary  voltage  are  of  the  order  of  BO  ns  although  the  primary-voltage  rise  time 
was  only  20  ns,  Thus  the  rise  time  stretching  caused  by  the  primary  bushing  inductances 
is  observable  in  the  secondary  voltages  as  well  as  In  tho  primary  current,  From  tho  slower 
oscillograms  of  Figure  4-19  It  Is  also  apparent  that  the  late-time  voltage  present  in  the 
driver  has  beun  suppressed,  so  that  only  about  200  ns  of  high-level  response  is  observed  at 
the  secondary  terminal,  The  stretching  of  the  rise  time  In  the  time-domain  corresponds  to 
tlie  high-frequency  suppression  obsorved  In  the  frequency  domain,  and  thB  suppression  of 
the  late  time  response  corresponds  to  the  low-frequency  roll-off  observed  in  the  frequency 
domain.  Thus  the  transient  waveforms  are  quite  consistent  with  the  frequency  domain 
data  for  voltage  transfer  functions. 

These  basic  features  of  the  secondary  voltages  the  stretching  of  the  rise  time  and 
tite  suppression  of  the  late-  time  response  - wore  common  to  all  four  transformers,  and 
were  consistent  with  their  frequency  dom.'in  transfer  characteristics,  There  are  obvious 
differences  in  the  fine  structure  of  the  waveforms,  but  these  appear  to  be  of  secondary 
importance,  as  are  the  size  and  location  of  the  peaks  and  valleys  of  the  frequency-domain 
transfer  functions.  The  peak  output  voltage  at  Terminal  XI  for  one-volt  peak  at  the  primary 
Is  also  quite  similar  for  all  four  transformers,  as  Is  apparent  in  Table  4-3, 

* The  bushing  Inductundo  was  rosponsiblo  tor  the  slow  rise  time  of  the  current  in  the  tests  with  a low 
sourcu  impedance;  when  sourcu  ‘mpedances  of  a few  hundred  ohms  are  used,  the  rise  time  of  tho 
terminal  volt«i(|>'  is  similarly  slowed  by  the  bushing  capacitance. 
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Table  4-3 


COMPARISON  OF  PEAK  VOLTAGE  AT  SECONDARY  TERMINAL  XI 
FOR  A ONE-VOLT,  7,5-ms  EXPONENTIAL  PULSE 
APPLIED  TO  THE  PRIMARY 


Transformer 

Number 

Transformer 

Type 

Peak  Voltage 
at  X2 
(V) 

1 

25-kVA  G.E. 

0,33 

2 

25-kVA  Allis  Chalmers 

0,22 

3 

2G-kVA  Westinghouse 

0,29 

4 

50  -kVA  Allis  Chalmers 

0,28 

A comparison  of  the  transient  responses  ol  the  secondary  to  common-mode  and 
differential-mode  excitations  at  the  primary  can  be  made  from  the  oscillograms  of 
Figure  4-20,  which  show  the  voltage  waveforms  at  secondary  terminal  X3  of  the  25-kVA 
Westlnyhouse  transformer  for  these  two  excitation  modes.  Although  the  responses  are 
generally  similar  in  shape,  it  is  apparent  that  the  differential-mode  excitation  at  the  prinun  y 
produces  only  a little  over  half  the  peak  secondary  voltage  produced  by  the  common- mode 
excitation,  This  relationship  Is  significant,  because  the  common-mode  excitation  of  the 
primary  by  the  transmission  linos  Is  usually  much  greuter  than  the  differential-mode  exci- 
tation: hence,  If  the  weaker  differential-mode  signal  Is  further  reduced  In  passing  through 
the  transformer,  its  Importance  may  be  greatly  reduced. 

The  oscillograms  of  Figure  4-19  and  Figure  4 20  also  permit  the  voltages  at  Ter- 
minals XI  and  X3  to  bo  compared  for  Transformer  No.  1,  for  the  configuration  of 
Figure  4-10.  It  Is  apparent  that  the  peak  vol'ige  at  Terminal  XI  is  somewhat  larger  than 
that  ut  Terminal  X3  for  the  common-mode  primary  excitation.  This  difference  is  produced 
primarily  by  the  asymmetry  or  unbalance  In  the  windings;  In  a symmetrical  blfllar-wound 
transformer  these  two  voltages  should  be  Identical.  This  differential  secondary  voltage  is 
shown  In  Figure  4-21  for  the  two  excitation  modes. 

All  of  the  waveforms  In  Figures  4-19,  4-  20,  and  4-21  were  obtained  with  a common- 
mode  output  configuration.  Figure  4-22  shows  the  voltage  waveforms  obtained  at  the  sec- 
ondary terminal  XI  for  a differential-mode  output  configuration  such)  as  that  shown  In 
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Figure  4-16(b).  The  peak  secondary  voltage  produced  by  the  common-mode  primary  exci- 
tation with  this  secondary  connection  is  larger  than  the  peak  secondary  voltage  produced 
by  the  differential-mode  primary  excitation,  A comparison  of  Figure  4-22  with  Figure  4-19, 
however,  shows  that  the  peak  secondary  voltage  for  the  differential-mode  output  configura- 
tion is  only  about  half  as  large  as  it  is  for  the  common-mode  output  configuration. 

These  and  other  data  show  that  the  trantformer  responses  are  (1)  highly  linear, 

(2)  reasonably  similar  in  comparison  with  one  another,  and  (3)  In  good  qualitative  agree- 
ment with  the  CW  transfer  function  data  presented  in  Section  4,2.3.  The  frequency-domain 
data  show  that  significant  differences  In  amplitude  can  be  expected  for  different  drive  con- 
figurations, and  this  result  is  confirmed  by  the  transient-response  data.  Comparison  of  the 
common-  and  differential-mode  drive  data  plotted  here  shows  the  following; 

(1 ) Common-mode  Input  or  output  configurations  result  in  peak  output  signals 
that  are  approximately  double  those  of  differontlal-mode  Input  or  output 
configurations. 

(2)  The  peak  output  response  varies  by  a factor  of  2 or  less  from  transformer  to 
transformer. 

(3)  Dlfferont  secondary-winding  configurations  (he.,  series  or  parallel)  have  little 
effect  on  the  secondary  termlnal-to-ground  voltage. 


4 3 NONLINEAR  CHARACTERISTICS  OF  TRANSFORMERS4 * * 7 
4.3.1  TRANSFORMER  RESPONSES 

At  primary  excitation  levels  above  about  42  kV,  the  10-kV  lightning  arrester*  on 
the  primary  side  of  the  transformers  fire  If  the  pulsewldth  of  the  excitation  waveform  is 

large  enough,  At  the  threshold  voltage  of  42  kV,  there  is  e time  lag  of  1 50  to  200  ns  between 

the  time  of  application  of  the  voltage  and  the  closure  of  the  lightning-arrester  spark-gap 
switch,  but  as  the  applied  voltage  Increases,  this  time  lag  decreases.  The  transformer's 
secondary  response  to  a primary-side  excitation  at  levels  above  about  42  kV  is  therefore 
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influenced  by  the  change  in  the  excitation  pulse  when  the  lightning  arrester  fires,  and  by  the 
variable  time  lag  between  the  application  of  the  exciting  pulse  and  the  closure  of  the 
lightning  arrester, 

The  only  nonlinear  effect  observed  during  the  transformer  tests  with  the  lightning 
arresters  installed  was  the  lightning-arrester  firing.  No  other  arcing  or  flashover  was  observed 
inside  or  outside  the  transformer  case  (except  when  the  secondary  was  driven),  The  non- 
linear responses  discussed  here  are,  therefore,  caused  entirely  by  the  lightning-arrester  firing. 

The  effect  of  the  lightning-arrester  firing  on  the  secondary  voltage  waveform  is 
illustrated  in  Figure  4-23.  As  was  observed  in  the  discussion  of  the  linear  response  of  the 
transformers,  the  duration  of  the  large-amplitude  secondary  voltage  waveform  Is  of  the 
order  of  200  ns,  so  that  deviations  of  the  excitation  pulse  after  150  to  200  ns  should  not 
have  much  effect  on  the  peak  voltage  appearing  at  the  secondary  terminals.  Indeed,  the 
lightning-arrester  firing  did  not  have  much  effect  on  the  peak  secondary  voltage  until  the 
tlmo-to-flre  was  reduced  appreciably  from  200  ns.  This  is  apparent  from  the  secondary- 
terminal  voltage  waveforms  shown  in  Figure  4-23  for  excitation  voltages  above  the  light- 
ning-arrester threshold.  As  the  lightning  arrester  is  more  highly  overvolted  and  the  tlmo-to- 
flre  decreases  significantly  below  200  ns,  however,  the  peak  secondary  voltage  becomes  a 
smaller  fraction  of  the  peak  excitation  voltage,  When  the  time-to-firi  Is  comparable  to  or 
less  than  the  * 50-ns  time-to-paak  of  the  secondary  voltage,  the  secondary-voltage  limiting 
provided  by  the  lightning  arrester  is  quite  effective,  and  the  peak  secondary  voltage  increases 
very  little  wi  th  increasing  excitation  voltage  beyond  this  point. 

In  addition  to  limiting  the  peak  secondary  voltage,  the  lightning-arrester  firing  tends 
to  reduce  the  width  of  the  main  secondary- voltage  pulse,  This  I.,  apparent  In  Figure  4-23, 
where  It  can  be  seen  that  as  the  excitation  level  incteases,  the  time  to  reach  the  first  zero 
crossing  In  the  sacondary -voltage  waveform  decreases  and  the  negative  undershoot  increases. 
It  Is  also  noteworthy  that  the  effect  of  the  firing  of  the  lightning  arrester  on  the  secondary 
voltage  waveform  Is  so  subtle  that  its  occurrence  Is  very  difficult  to  detect  in  the  secondary 
waveform, 


The  secondary-voltage-limiting  effect  is  illustrated  in  Figure  4-24,  where  the  peak 
secondary  voltage  is  plotted  as  a function  of  the  peak  excitation  voltage  for  all  four  trans- 
formers and  for  both  common  and  differential  primary  excitation  modes.  Here  it  is  appar 
ent  that  the  secondary  responses  are  quite  linear  with  the  excitation  level  until  the  peak 
excitation  level  reaches  about  55  kV  (30%  above  the  lightning-arrester  threshold),  at  which 
level  the  secondary  voltage  begins  to  level  out.  With  the  250-kV  excitation  level  (the  highest 
level  used)  the  peak  secondary  \ ultage  was  only  30  kV.  This  measurement  was  made  on  the 
25-kVA  G.E.  transformer,  which  displayed  the  strongest  coupling,  and  it  was  made  in  the 
configuration  that  displayed  the  strongest  coupling.  It  should  also  be  noted  that,  although 
the  pulser  was  charged  to  250  kV,  the  lightning  arrester  fired  during  the  primary  voltage 
rise  and  limited  the  voltage  actually  applied  to  the  primary  to  only  100  kV, 

These  tests  were  conducted  with  a low-Impodance  source,  so  that  even  when  the 
lightning  arresters  fired,  the  excitation  voltage  at  the  primary  terminals  did  not  immediately 
change.  When  the  source  impedance  was  several  hundred  ohms,  as  it  would  be  for  an  EMP- 
induced  voltage  wave  incident  on  pole-mounted  transformers  driven  by  the  distribution 
lines,  the  excitation  voltage  collapsed  very  rapidly  when  the  lightning  arrester  flrod.  This 
value  of  source  Impedance  causes  the  peak  secondary  voltage  to  be  limited  even  more 
severely  than  was  observed  with  the  low-impedances  sources  used  in  the  experiments 
described  above,  Since  the  transformer  Itself  appears  to  remain  linear,  however,  the  effects 
of  source  impedance  and  primary  excitation  voltage  can  be  simulated  analytically  and  the 
secondary  response  determined  from  the  linear  transfer  characteristics  of  the  transformer. 


4.3.2  LIGHTNING-ARRESTER  FIRING  CHARACTERISTICS7 

The  behavior  of  the  9-kV  distribution  lightning  arresters  used  to  protect  the  trans- 
formers was  also  obtained  from  the  transient  tests  of  the  transformers  with  the  lightning 
arresters  installed.  The  lightning-arrester  characteristics  of  primary  Importance  in  this 
evaluation  are  the  time-to-fire  and  the  firing  voltage.  These  characteristics  permit  an 
estimate  to  be  made  of  the  peak  voltage  that  might  be  applied  to  the  transformer  by  a 
fast-rising  transient. 
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The  tests  indicated  that  all  three  of  the  lightning  arresters  shown  in  Figure  4-4  were 
essentially  identical  in  their  firing  characteristics.  A plot  of  these  firing  characteristics  is 
shown  in  Figure  4-25.  The  9-kV  arresters  would  normally  be  tested  with  the  transient 
rate  of  rise  of  100  kV/ps  plotted  in  Figure  4 25;  during  the  transformer  tests,  the  maximum 
rate  of  rise  achieved  was  about  2.5  kV/ns,  or  25  times  faster  than  that  normally  used  to  test 
lightning  arresters  of  this  voltage  rating.  With  this  rate  of  rise,  which  is  also  plotted  in 
Figure  4-25,  the  firing  voltage  was  100  kV,  or  about  2.5  times  the  static  firing  threshold, 
and  the  tlme-to-flre  was  only  40  ns,  In  general,  the  trend  of  the  lightning-arrester  firing 
characteristics  displayed  In  Figure  4-25  is  that  to  be  expected  of  spark-gap  devices  having 
large  overvolted  gaps, 

The  ability  of  the  lightning  arrester  to  protect  the  transformer  under  fast  transients 
for  which  voltages  of  100  kV  are  attained  before  the  lightning  arrester  fires  is  belioved  to  be 
related  to  two  characteristics  of  the  transformer.  These  are  the  Ionization  (or  spark  forma- 
tion) time  for  bushing  flashover  and  the  impedance  of  the  bushing  and  winding  Insulation. 
Because  the  arc  formation  tlmo  for  the  lightning  arrester  Is  less  than  the  arc  formation  time 
for  the  bushing,  the  lightning  arrester  always  fires  before  bushing  flashover  occurs,  It  is  not 
apparent  that  this  relationship  should  change  even  If  greater  rates  of  rise  were  encountered, 
since  the  lightning-arrester  firing  and  bushing  flashover  involve  similar  gas-breakdown 
processes,9 

The  ability  of  the  lightning  arrestor  to  protect  the  winding  insulation  against  break- 
down apparently  depends  on  the  fact  that  a finite  time  is  required  for  the  winding  voltage 
to  rise  because  of  the  wlnding-to-core  capacitance  and  the  bushing  capacitance  and  induc- 
tance. For  a typical  tiansformer  primary  winding,  the  winding-  to  core  capacitance  is  a few 
hundred  picofarads,  the  bushing  capacitance  is  about  10U  pF,  and  the  bushing  inductance  is 
a few  hundred  nanohenries,  Furthermore,  as  illustrated  in  Figure  4 7,  the  hushing  indue 
lance  and  bushing  capacitance  form  u 'ow  pass  filmi  that  limits  the  rale  u!  rise  of  the 
voltage  applied  to  the  winding  even  il  an  Infinite  rate  of  rise  is  applied  to  the  terminals. 
Therefore,  even  If  the  lightning  arrester  and  hushing  are  subjected  to  vorv  large  rates  w, 
rise,  the  rate  of  rise  of  the  voltuye  across  the  winding  insulation  is  much  smaller,  theiohy 
permitting  the  lightning  arrester  to  reach  its  firing  voltage  before  the  voltage  across  the 
insulation  reaches  a dangerous  level,  Note  that  the  CW-tronsfer  function  data  indicate 
that  the  high-frequency  roll  off,  which  is  believed  to  be  caused  primarily  by  the  primai y 
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bushing  inductance  and  capacitance,  begins  at  about  10  MHz,  implying  a 10-to-90%  rise 
time  of  the  order  of  50  ns. 

The  rate  of  rise  of  the  open-cicuit  voltage  induced  on  power  transmission  lines 
oy  the  EMP  is  of  the  order  oi  a few  E0c,  where  E0  is  the  peak  incident  field  strength  and 
c is  the  speed  of  light  (see  Section  2.2,3).  for  realizable  polarizations  and  angles  of  inci- 
dence, the  maximum  rate  of  rise  of  the  open-circuit  voltage  is  of  the  order  of  50  kV/ns  and 
the  source  Impedance  associated  with  this  voltage  is  of  the  order  of  300  ohms.  This  rate  of 
rise  is  over  an  order  of  magnitude  greater.than  the  fastest  rate  of  rise  developed  in  the  lab- 
oratory; however,  the  voltage  actually  applied  to  the  transformer  terminals  is  the  fraction 
Z|/(Z|  - 300),  wh  cio  Zj  is  the  parallel  input  impedance  of  the  transformers.  Since 
Zj  < 300  ohms,  at  high  frequencies  (early  times)  only  a fraction  of  the  open -circuit  voltage 
will  actually  be  applied  to  the  transformer  windings, 
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4.3.3  SUMMARY  OF  TRANSFORMER  AND  LIGHTNING-ARRESTER 
PROPERTIES 

Tests  of  selected  lightning  arresters  and  power  transformers  have  demonstrated 
that  at  rates  of  rise  up  to  2.5  kV/ns  the  lightning  arresters  are  effective  In  protecting  the 
transformers  from  damage.  It  is  believed  that  this  protective  capability  should  be  applicable 
for  even  higher  rates  of  rise,  since  the  protection  Is  based  on  (1)  the  lightning-arrester  spark- 
gap  ionizing  and  becoming  conducting  before  other  insulation  breaks  down,  and  (2)  the 
bushing  inductance  and  capacitance  limiting  the  voltage  between  the  primary  windings  and 
the  core. 

Studies  of  the  transient  throughput  of  the  transformers  with  lightning  arresters  show 

that: 


(1 ) The  bandpass  character  of  the  transformer  slows  the  secondary-voltage  rise- 
time  to  about  50  ns  and  limits  the  significant  duration  of  the  secondary  re- 
sponse to  less  than  1 ps.  • 

(2)  When  protected  by  lightning  arresters,  the  transformer  remains  a linear  device; 
all  nonlinear  activity  occurs  in  the  lightning  arresters. 

(3)  The  key  transformer  parameters  affecting  the  bandpass  properties  of  the 
transformer  are  the  primary  bushing  Inductance  and  capacitance,  and  the 
Interwinding-  and  winding- to-case  capacitances. 

(4)  There  is  little  difference  in  the  basic  coupling  characteristics  among  the  different 
secondary-winding  types  or  among  the  transformers  from  different  manu- 
facturers. 

(5)  The  peak  secondary  voltage  is  limited  to  a value  of  the  order  of  20  to  30  kV 
by  the  voltage-limiting  action  of  the  9-kV  lightning  arresters  for  common- 
mode excitation. 

(6)  Transients  Induced  at  the  secondary  terminals  by  the  lightning  arrester  firing 
are  barely  detectable. 
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The  test  results  show  that  the  strongest  coupling  through  tho  transformer  occurs  for 
common  mode  excitation  and  common  mode  loading,  such  us  would  occur  if  the  3 
phase  transformer  bank  were  delta-connected  at  both  primary  and  secondary  sides.  The 
weakest  coupling  occurs  for  differential  mode  excitation  and  loading,  such  as  would  occur 
for  three  phase  wye-connections  at  both  sides. 

The  properties  of  the  three  models  of  9-  k V lightning  arresters  were  virtually  iden- 
tical insofar  as  their  firing  characteristics  are  concerned,  As  the  rate  of  rise  of  the  voltage 
across  the  lightning  arresters  increases,  the  time- to- fire  decreases,  but  with  the  maximum 
rate  of  rise  available  in  these  tests  (2,5  kV/ns)  the  firing  voltage  was  only  100  kV  and  the 
time  to-fire  was  only  40  ns,  This  rato  of  rise  is  25  times  that  for  which  the  lightning 
arrestors  are  specified,  while  the  firing  voltage  is  only  2,5  times  the  static  firing  voltage, 

It  is  significant  that  as  the  rate  of  rise  increases,  the  firing  voltage  increases,  end  us  the 
time-to-  fire  decreases,  the  Impulse  f'vdt  passed  by  the  lightning  arrester  does  not  change 
very  much,  Thus,  the  transformer's  secondary  voltage  for  fust  rates  of  rise  tends  to  he 
the  impulse  response  and  is  relatively  independent  of  the  excitation  voltage. 

In  operational  systems,  the  use  of  lightning  arrestors  between  the  primary  terminals 
of  the  transformer  and  ground  is  recommended  for  all  service  transformers  to  protect  the 
transformer,  as  well  us  to  limit  the  high  voltages  Induced  on  the  transmission  lines  and 
coupled  through  the  transformer, 
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I LOW-VOLTAGE  CIRCUITS 

i. 


6.1  GENERAL  DESCRIPTION  OF  THE  LOW-VOLTAGE  SYSTEM 
5,1.1  INSTALLATION  PRACTICE 

The  low-voltage  circuits  of  concern  In  this  chapter  are  those  between  the  main  cir  - 
cuit breaker  and  the  loads  (lights,  appliances  and  equipment)  in  the  consumer's  facility,  The 
source  siue  of  the  main  circuit  breaker  has  been  discussed  In  Chapters  Two  and  Three,  This 
part  of  the  power  system  cun  be  represented  by  a single  (though,  perhaps,  multiconductor) 
transmission  line  whose  characteristic  impedance  changes  as  its  form  changes  from  an  aerial 
transmission  line  to  a coaxial  line  at  tho  service  entrance,  On  the  load  side  of  the  main  cir- 
cuit breaker,  however,  the  circuits  branch  out  to  serve  the  various  requirements  of  the  con 
sumer,  The  consumer’s  system  may  contain  both  single-phase  and  three  phase  loads 
as  illustrated  in  Figure  5-1,  and  in  general  the  loads  may  require  two  or  more  voltages, 
necessitating  more  than  one  service  entrance  or  tiaru’ormer  bank,  The  system  shown  in 
Figure  5 -1  would  be  typical  of  a 120/208-V  system  in  which  single  phase  circuits  are  operated 
onthe120  V between  lineand  neutral  and  three-phase  loads  are  operated  from  tho20B  V 
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(line  -to -line)  system.  If  other  three  phase  or  single-phase  voltages  are  required,  the  low-vol- 
tage system  may  also  contain  power  transformers  or  other  power -conversion  equipment.  A 
more  common  practice  where  multiple  voltages  are  required,  however,  is  to  bring  the  distri- 
bution voltage  into  a vault  where  the  transformers  required  to  supply  nil  of  the  consumer’s 
voltages  are  installed.  Separate  feeders  from  the  transformer  vault  may  then  be  used  to  sup- 
ply the  main  circuit  breakers  for  the  various  three-phase  and  single-phase  systems  in  the  fa- 
cility. If  the  three-phase  service  is  delta-connected,  a zig-zag  transformer  may  be  Included  in 

CIRCUIT 


Fleur*  B-1  SINGLE-LINT  DIAGRAM  OF  INTERNAL  LOW-VOLTAGE  CIRCUITS 
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the  low- voltiicje  system  to  ground  the  low-voltage  system.  For  some  communications  facili- 
ties the  commarci.il  power  is  used  to  drive  a motor  generator  set  which,  in  turn,  supplies 
the  power  for  operating  the  facility.  This  system  can  provide  excellent  isolation  of  the  con 
sumer's  circuits  from  transients  on  the  power  system  if  separate  machines  (connected  only 
by  the  shaft)  are  used  and  appropriate  separation  of  the  power  circuit  and  the  low- voltage 
circuits  is  provided.  Some  large  commercial  computer  installations  use  rectifier  and  storuge- 
battery  systems  to  provide  surge  protection  and  short  -term  standby  power, 

Other  surge-protection  equipment  that  may  be  found  in  commercial  installations  are 
secondary  lightning  arresters,  surge  limiting  capacitors,  and  line  filters.  Secondary  lightning 
arresters  that  operate  at  o few  thousand  volts  may  be  installed  at  the  transformer  secondary, 
ut  the  weatherhead,  at  the  main  circuit-breaker  panel,  on  a circuit  that  requires  special  pro 
tection,  or  some  combination  of  these,  Surge  capacitors  are  used  to  protect  the  windings 
of  large  rotating  machines  from  the  large  rates  of  change  in  the  leading  edges  of  lightning- 
induced  surges.  Line  filters  are  used  to  minimize  the  transients  that  can  enter  sensitive  in- 
stallations such  as  computer  centers.  As  Illustrated  In  Figure  5-2,  combinations  of  these 
protective  devices  are  often  used.  For  example,  a combination  of  lightning  arresters  and 
surge  capacitors  may  ho  used  to  limit  both  the  peak  voltage  and  the  rate  of  rise  of  the  cur- 
rent, or  a lightning  uToster  may  bo  used  to  limit  the  voltage  applied  to  the  Input  terminals 
of  a line  filter. 

The  National  Electrical  Code1  sets  standards  for  materials  and  practices  used  in  low- 
voltage  wiring;  in  addition,  states,  counties,  and  cities  have  their  own  building  codes  that  are 
often  more  restrictive  than  the  national  code.  In  spite  of  local  variations,  however,  there 
is  considerable  uniformity  in  the  wiring  practices  used  in  commercial  stoul  and  masonry 
buildings.  The  low  voltage  wiring  in  such  facilities  is  usually  installed  in  metallic  conduit 
and  raceways  or  gutters  as  illustrated  in  Figure  5 3.  All  metal  conduit,  gutters,  circuit - 
bleaker  cabinets,  outlet  boxes,  etc.  are  required  by  the  national  code  to  bo  “effectively 
bonded  where  necessary  to  assure  electrical  continuity  ...  ",  The  low -voltage  wiring  is 
thus  fairly  well  enclosed  In  a metallic  shield  of  sorts  except  at  plug  in  appliances  (calculators, 
typewriters,  coffee  makers,  etc,),  whore  the  conductors  are  insulated  hut  unshielded.  We 
shall  limit  our  discussion  in  this  chapter  to  low -voltage  systems  with  wiring  in  metal  conduits, 
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Vinyl-  or  neoprene-insulated  copper  conductors  ore  used  in  applications  where  exces- 
sive heat  or  moisture  Is  not  a problem,  These-  nductors  are  fished  through  the  conduit  be- 
tween outlet  boxes  or  cabinets,  and  extra  wire  left  at  the  ends  to  allow  the  craftsman  to 
make  the  connections  to  the  fixture  terminals,  Figure  5-4  Illustrates  the  wiring  inside  a typl 
cal  main  circuit  -breaker  panel,  The  maximum  number  of  wires  that  can  be  pulled  through 
standard  conduits  Is  given  In  Table  5-1, 1 The  dimensions  of  rigid  steel  conduit  are  given  In 
Table  3-2,  Chapter  Three. 


6.1.2  DISTRIBUTION  OF  THE  EMP-INDUCED  SIGNAL 

In  moderately  well-shielded  systems  such  as  the  electrical  wiring  in  metal  conduit, 
the  signal  induced  In  the  exposed  conductors  (aerial  transmission  lines  or  entrance  conduc- 
tors in  plastic  conduit)  and  conducted  into  the  shielded  region  Is  usually  much  larger  than 
that  penetrating  directly  through  the  shield  to  the  conductors.  Therefore  the  primary  source 
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T Thermoplastic 

TW  Moisture-resistant  thermoplastic 
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RHW  Moisture-  anti  heat-resistant  rubber 

RHH  Heat-resistant  rubber 

RUH  Heat-resistant  latex  rubber 

RUW  Moisture-resistant  latex  rubber 
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of  EMP-induced  signal  in  the  low-voltage  wiring  is  usually  the  signal  conducted  in  on  the 
service  entrance. 

At  the  main  circuit-breaker  panel,  the  voltage  and  current  entering  from  the  service 
entrance  are  partially  attenuated  by  the  stray  inductance  of  the  wiring  inside  the  circuit 
breaker  cabinet,  and  are  partially  transmitted  to  the  load  circuits.  Because  of  the  reflection, 
attenuation,  and  division  of  the  power  at  the  main  circuit-breaker  panel,  the  EMP-induced 
power  transmitted  to  the  load-circuit  conduits  Is  only  a fraction  of  that  incident  from  the 
service  entrance,  In  addition,  the  struy  inductances  in  the  cabinets  and  junction  boxes  tend 
to  suppress  the  high-frequency  portion  of  the  incident  pulse  spectrum,  so  that  the  rise  time 
of  the  transient  increases  as  the  pulse  propagates  further  into  the  low-voltage  system,  Each 
load-circuit  is  also  shock -excited  by  the  incident  transient  and  tends  to  oscillate  at  its  natu- 
ral froquer  .ties,  This  shock  excitation  leads  to  voltage  waveforms  in  the  load  circuits  moder- 
ately similar  to  the  waveform  shown  in  Figure  3-  10(a).  Needless  to  say,  the  EMP-induced 
waveforms  at  any  point  In  the  low-voltage  system  are  quite  complex  and  very  difficult  to 
calculate  accurately.  As  a rough  rule  of  thumb,  however,  the  lurther  from  the  main  circuit- 
breaker  panel,  the  smaller  the  peak  vollage  unrl  the  smaller  the  rates  of  change  in  the  waveform. 


6.2  LINEAR  ANALYSIS  OF  CONDUIT  CIRCUITS 

6.2.1  TRANSMISSION-LINE  ANALYSIS  (COMMON-MODE) 

Electrical  wiring  enclosed  in  metal  conduit  can  be  visualized  as  a transmission  line. 
For  a crude  approximation,  the  power  conductors  can  Ire  considered  the  center  conductor 
of  a coaxial  transmission  line  in  which  the  conduit  is  the  outer,  or  return,  conductor,  The 
low-voltage  wiring  system  in  the  consumer's  facility  can  then  be  represented  as  a network 
of  transmission-line  segments  such  as  that  illustrated  in  Figure  5-5,  At  the  ends  of  the  con- 
duits where  the  wiring  enters  circuit  breaker  cabinets,  outlet  boxes,  etc,,  the  wiring  is  more 
open  and  can  be  represented  us  a lumped  inductance  for  short  segments  of,  say,  less  than 
2 m.  Because  the  low-voltage  systems  contain  many  segments  of  transmission  line  with 
many  branches  and  junctions,  even  this  crude  representation  of  the  low  voltage  wiring  is 
very  difficult  to  analyze  without  a computer.  The  analytical  concepts  required  are  quite 
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Figure  B-5  TRANSMISSION-LINE  MODEL  OF  LOW-VOLT AGE  WIRING  IN  METAL  CONDUIT 

simple;  however,  they  must  be  applied  to  each  segment  and  the  results  for  the  segments  must 
be  combined  In  an  orderly  fashion, 

In  the  transmission  -line  network  of  Figure  5-5,  for  example,  the  upper  branch  of  seg- 
ments might  represent  a lighting  circuit  containing  a wall  switch  |ZS)  and  two  ceiling  lights  (Zt;) , 
This  circuit  contains  four  segments  of  transmission  line  downstream  from  the  main  circuit- 
breaker  panel.  A common  occurrence  in  large  facilities  Is  represented  by  the  bottom  branch  In 
Figure  5-5,  In  this  case  one  circuit  from  the  main  circuit-breaker  panel  supplies  a subsldiaiy  cir- 
cuit-breaker panel,  which  may,  in  turn,  supply  additional  subsidiary  circuits. 

The  general  approach  for  analyzinq  such  wiring  as  transmission-line  networks  Is  to 
transfer  impedances  along  the  segments  from  right  to  left  in  Figure  5-6  to  obtain  the  load  im 
podance  on  the  service-entrance  conduit.  When  this  toad  Impedance  is  known,  the  voltage  or 
current  in  the  load  can  be  determined  from  the  techniques  described  in  Chapter  Three.  Tho 
voltage  and  currents  can  then  be  translated  from  left  to  right  toward  the  loads  at  the  right 
ends  of  the  conduit  circuits.  At  each  junction  of  two  or  more  conduits,  the  impedances 
translated  from  the  right  must  be  combined  with  the  lumped  impedances  at  the  junction  to 


obtain  the  load  impedance  for  the  conduit  to  the  left,  and  the  current  translated  from  the 
left  must  be  divided  among  these  impedances  to  obtain  the  cinent  to  translate  to  the  ritjlu 
toward  the  loads, 

Prior  to  performing)  this  analysis  it  is  necessary  to  determine 

(1)  The  characteristic  impedances  Z0„  of  the  n conduit  segments 

(2)  The  propagation  factors  7n  for  the  n conduit  segments 

(3)  The  lengths  Cn  of  the  condub  jgments 

(4)  The  load  impedances  Z|_n  at  the  right  ends  of  the  right-hand  segments 

(5)  The  struy  inductances  Ln  at  the  junctions  of  i he  conduit  segments 

(6)  The  Thevonin  or  Norton  Equivalent  source  representing  the  service 
entrance. 

It  these  properties  of  the  transmission  line  are  determined,  the  load  impedances  at  the  right  ends 
of  the  right-hand  segments  in  Figure  5-6(a)  can  be  translated  to  the  left  ends  of  the  segments 
hy 
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1 + pne2-)n'i' 
i pML‘2ti/n 


where 
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^Ln  " ^on 


(5-11 


(5-2) 


This  translation  converts  the  original  circuit  of  Figure  5 -6 ( o ) to  the  equivalent  circuit  of 
Figure  5 6(h),  The  input  impedance  Z,„  at  the  left  end  of  the  conduit  is  then  added  to  the 
impedance  ju>Ln  of  the  stray  inductance  at  the  junction,  and  the  impedances  Zjn  t ju;Ln 
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I 

I;  lal  ORIGINAL  CIRCUIT 

i; 


(o)  LOAD  AND  S'l  RAV 


IMPEDANCES  COM- 
BINED IN  PARALLEL 


Figure  5-6  STEPS  IN  TRANSLATING 


Ibl  LOAD  IMPEDANCES  | 

TRANSLATED  TO  | 

LEFT  END  ’ 


CZB-n 


Id)  LOAD  IMPEDANCE  FOR 
SEGMENT  LEFT  OF 
JUNCTION 


LOAD  IMPEDANCES  TOWARD  DRIVING  SOURCE 


are  combined  in  parallel  as  illustrated  in  Figure  5-6(c),  The  load  impedance  on  the  right  end 
of  the  conduit  segment  to  the  left  of  the  junction  (see  Figure  5 -6(d)  ) is  then 


ZLo  " 4 Z'P 


(5-3) 


where 


L 1 _ ^ _ 1 + ^ J 

Zip  L- ! + Zj|  jujL2  ' Zi2  ju)L„  + Zin 


(5-4) 


This  cycle  cun  then  be  repeated  to  translate  the  impedances  toward  the  next  junction  to  the 
left  and  so  forth,  until  the  load  impedance  at  the  end  of  the  service -entrance  conduit 
is  established. 
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The  object  of  the  impedance  translation  is  to  combine  the  impedances  of  the  branches 
to  obtain  the  lumped  equivalent  load  for  the  service  entrance.  The  voltage  and  current  trans- 
lations involve  a reversal  of  this  process,  in  that  the  starting  point  Is  the  Thevenin  equivalent 
source  representing  the  signal  entering  from  the  service  entrance,  and  the  object  of  the  trans- 
lations of  the  voltage  and  current  from  this  source  to  the  right  is  to  determine  how  this  sig- 
nal fans  out  Into  the  conduit  network.  Therefore  we  start  with  the  Thevenin  equivalent 
source  and  its  load  Z0l  in  Figure  S-7(a)  and  calculate  the  junction  voltage  V|  and  total  cur- 
rent lj  89  shown  in  Figure  6-7(b),  The  junction  voltage  is 


V| 


** 

+ Z|P  + ju)L0  V° 


(5-6) 


and  the  total  current  Is 


Z|  + Zip  + ju)L0 


(5-0) 


where  V0  and  Z i Bre  open-circuit  voltage  and  source  Impedance  represented  by  the  service 
entrance  at,  for  example,  the  main  circuit-breaker  panel  (see  Chapter  Three,  Eqs,  (3-7)  and 
(3-8)  ).  The  voltage  applied  to  each  conduit  to  the  right  of  the  junction  Is  a fraction  of  the 
junction  voltage,  however,  as  can  be  seen  In  Figure  5-7 (c).  The  voltage  Vn  applied  to  the 
left  end  of  the  conduits  is 


V 


n 


Zip 

Zin  + iwLn 


V| 


and  the  cunent  ln  in  the  conductors  is 


•n  ■ 


V. 

Zin  + iwl-n 


(5-7) 


(6-8) 
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|i>l  CURRENT  AND  VOLTACIE  ((II  CURRENT  AND  VOLTAGE  TRANSLATED  TO  RIGHT  ENDS 

LAUNCHED  INTO  CONDUITS  Of  CONDUITS 


Flgurn  B-7  STEPS  IN  TRANSLATING  DRIVING  CURRENT  AND  VOLTAGE  TOWARD  LOADS 
Thu  currant  and  vultuqo  nt  llm  rl(|ht  undsol  tho  conduits  in  F inure  5-7 (d ) uro  then 


This  cycle  may  be  repeated  for  further  translations  to  the  right  if  it  is  observed  that  the  source 
impedance  ut  the  right  er.d  of  the  conduit  is 


Z'l  Zbn 


15-11) 


and  the  open-circuit  voltage  V'0  at  the  right  end  is 


Vq  - ln<ZLn  + Z ] 


(5-12) 


This  Thevenin-equivalent  source  drives  the  junction  (if  any)  at  the  right  ends  of  the  conduits. 


6,2.2  DETERMINATION  OF  THE  PROPERTIES  OF  CONDUIT  CIRCUITS 

In  the  introduction  to  the  transmission-line  analysis  above,  It  was  stated  that  six 
properties  of  the  low-voltage  system  must  be  determined  prior  to  performing  the  analysis 
of  the  low-voltage  circuits.  One  of  these  properties  - the  equivalent  source  representing  the 
signal  entering  on  the  service-entrance  conductors  - is  the  subject  of  Chapter  Three.  An- 
other, the  lengths  of  the  conduit  segments,  can  often  be  measured  directly,  The  remaining 
four,  the  characteristic  impedance  Z0,  the  propagation  factor  7,  the  load  impedance  Zl,  and 
the  stray  inductance  I may  be  measured,  or  they  can  be  estimated  by  techniques  discussed 
In  this  section. 


6,2.2. 1 Characteristic  Impedance 

Accurate  formulas  for  the  characteristic  impedance  of  multiconductor 
transmission  lines  are  available  for  only  a few  special  geometries  such  as  the  symmetrical 
shielded  pair  and  shielded  quad  shown  in  Figure  3-13,  The  electrical  wiring  fished  through 
conduit  rarely  assumes  the  uniform  symmetrical  geometry  postulated  in  these  formulas;  how- 
ever, the  formulas  can  provide  estimates  of  the  characteristic  impedance  of  the  conductors  in 
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a conduit,  The  formulas  for  concentric  or  eccentric  cylinders  can  also  be  used  to  estimate 
the  characteristic  impedance  of  a bundle  of  conductors  in  a conduit.  The  coaxia# -cylinder 
formulas  require  an  estimated  effective  radius  for  the  wire  bundle,  but  since  the  characteristic 
impedance  varies  as  the  logarithm  of  this  radius,  sizable  error  in  the  effective  radius  can  be 
tolerated, 


Simple  experimental  techniques  can  be  used  to  determine  the  characteristic 
impedance  of  Irregular  geometries  of  uniform  cross  section.  Resistance  paper  or  a shallow 
electrolytic  tank  can  be  used  as  illustrated  in  Figure  5~8(al  to  measure  the  resistance  between 
the  conductors  (all  in  parallel)  and  the  conduit.  This  resistance  is  related  to  the  characteristic 
impedance  of  a transmission  line  having  geometrically  similar  cross  section  by 


1 ?0rr  Ft 


(5-131 


where  R is  the  measured  resistance  between  the  simulated  conductors  and  the  conduit,  and 
Rs  is  the  resistance  per  squuro  of  the  resistance  paper  or  electrolyte,  The  resistance  per  square 
is  the  resistance  (for  uniform  current)  of  the  medium  (puper  or  electrolyte)  one  unit  wide 
and  one  unit  long, 


The  time- domain  reflectometer  (TDR)  is  very  useful  for  determining 
characteristic  impedance  and  velocity  of  propagation  in  situ  (with  the  60-Hz  power  off).  Tho 
TDR  is  essentially  a fast-  rising  pulse  source  and  an  oscilloscope  so  arranged  that  the  wave- 
form of  the  voltage  at  the  terminals  of  the  pulse  source  can  be  observed  as  tho  reflections 
from  discontinuities  arrive.  The  oscilloscope  is  normally  calibrated  in  units  of  reflection 
coefficient  relative  to  a base  impedance  such  as  50  ohms,  From  the  TDR  oscillogram  (see 
Figure  5 -8(b)  ),  therefore,  the  reflection  coefficient  p and  the  round  trip  propagation  timu 
along  the  conduit  circuit  cun  be  determined,  For  a base  impedance  of  50  ohms,  the  character- 
istic impedance  of  the  unknown  transmission  line  is 


50 


1 + * 
r-'p 


(5-14) 
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CONOUCTIVE 
SILVER  PAINT 


R 


(«)  RESISTANCE- PAPER  METHOD 


TIME 


lb)  TOR  METHOD 


Figure  6-8  TECHNIQUES  FOR  DETERMINING  THE  CHARACTERISTIC 
IMPEDANCE  EXPERIMENTALLY 


where  p is  the  reflection  coefficient  obtained  by  attaching  the  unknown  line  to  the  end  of 
the  50-ohm  line.  The  velocity  of  propagation  is 


2 V 
v 

Ar 


15-15) 


where  V is  the  length  of  the  unknown  line  and  A r is  the  time  elapsed  between  the  arrival  of 
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the  reflections  from  the  beginning  and  the  end  of  the  unknown  line,  The  TDR  method  has 
the  important  advantage  that  it  can  measure  the  characteristic  impedance  and  velocity  of 
propagation  regardless  of  how  complex  the  geometry  and  the  dielectric  between  the  conduc- 
tors and  the  conduit  are. 


S.2.2.2  Propagation  Factor  and  Length 

As  indicated  above,  the  velocity  of  propagation  can  be  obtained  from  TDR 
measurements  when  the  length  of  the  conduit  circuit  is  known.  Since  the  attenuation  of  the 
short  conduit  circuits  ordinarily  found  in  low-voltage  wiring  is  usually  negligible,  the 
propagation  factor  for  these  circuits  is 

y * j0  . j — . (5-16) 

v 

When  the  conduit  is  buried  or  embedded  In  concrete,  It  may  be  difficult  to 
determine  Its  length.  Then  the  TDR  trace  con  give 

2« 

At  - — (5-17) 

v 

but  a separate  measurement  is  required  to  obtain  V and  v explicitly.  This  measurement  can 
be  made  on  a similar  circuit  of  known  length,  such  as  on  one  section  of  conduit  with  the 
same  number  and  sue  of  wires,  Then  the  velocity  of  propagation  is  determined  from  TDR 
measurements  on  the  sample  of  known  length,  and  the  length  of  the  unknown  circuit  can 
be  determined  from  Eq.  (5-17)  above, 


5.2, 2.3  Stray  Inductance  of  Leads 

The  stray  Inductance  of  wiring  in  circuit-breaker  cabinets,  junction  boxes, 
etc.,  can  be  estimated  from  the  formulas  for  the  inductance  per  unit  length  of  a wire  over  a 
ground  plane,  The  inductance  per  unit  length  of  a wire  over  a ground  plane  is 


INDUCTANCE  -pH; 


1 


(5-18) 


Ho  . h Ho  2h 

L * — cosh'1  — - — log  — 

2n  a 2ir  a 

where  h Is  the  height  of  the  wire  above  the  ground  plane  and  a is  the  radius  of  the  wire.  A 
plot  of  the  inductance  per  unit  length  as  a function  of  the  height-to-radlus  ratio  h/a  is 
shown  in  Figure  5-9,  For  h/a  between  10  and  100.  the  inductance  is  between  0.5  and 
1 ,0  /uH/m.  A convenient  rule  of  thumb,  allowing  for  some  mutual  coupling  in  coiled  or 
folded  wire  In  (unction  boxes,  is  1 pH/m  for  lead  inductance. 


5.2.2, 4 Load  Impedances 


The  load  Impedances  represented  by  appliances  and  equipment  are  usually 
quite  difficult  to  specify  accurately  over  the  spectrum  of  frequencies  contained  In  the  EMP.  This 
difficulty  arises  from  the  fact  that  these  loads  are  ordinarily  specified  and  designed  for  their 

60-Hz,  three-phase  or  single-phase 


h 

a 


FlBur*  6-9  INDUCTANCE  PEP  UNIT  LENGTH 
OF  A WIRE  OVER  A GROUND  PLANE 


properties,  whereas  their  common- 
mode, high-frequency  properties  arB 
of  primary  interest  In  the  EMP  analy- 
sis. Therefore,  an  accurate  determina- 
tion of  the  high-frequency  impedancos 
of  such  equipment  can  be  obtained 
only  by  direct  measurement.  The 
purpose  of  this  section  is  to  discuss 
the  general  nature  of  the  common- 
mode impedances  of  selected  loads 
end  to  present  some  examples  of  the 
impedances  of  three-phase  and  single- 
phase  motors, 

In  general,  the 

common-mode  impedances  of  most  elec- 
trical equipment  can  be  represented  as 
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transmission-line  segments.  If  the  total  length  of  conductor  protruding  from  the  conduit 
is  short  and  it  is  ungrounded,  as  is  the  case  for  an  incandescent  lamp  mounted  on  an  outlet 
box,  the  load  will  be  capacitive.  For  such  loads,  the  impedance  is 


Utg  | 

2,  % a (short,  ungrounded)  (5-19) 

L M jwCli 

where  t!  is  the  length  of  the  protruding  conductor,  Z0  is  its  characteristic  Impedance,  C is  Its 
capacitance  per  unit  length,  and  e is  the  speed  of  light.  If  the  length  of  the  conductor  is 
short  and  it  is  grounded,  the  impedance  is 

Z0 

Z L * juifc  — * jwLt!  (short,  grounded)  (5-20) 


where  L is  the  Inductance  per  unit  length  of  the  protruding  conductor. 

If  the  protruding  conductor  Is  long  and  ungrounded,  Its  input  impedance  is 

Zl  * -jZ0cotkV  (long,  ungrounded)  (5-21) 

where  k * u/c,  and  if  the  conductor  is  long  and  grounder!  ..it  its  end,  its  input  impedance  is 

Zl  * jZ0  tan  kV  (long,  grounded),  (5-22) 


The  inductance  and  capacitance  per  unit  length,  and  the  characteristic  Impedance  for  paral  - 
lel-wire, conic,  coaxial,  and  parallel-plate  transmission-line  configurations  are  plotted  in 
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Figure  5-10.  These  data,  the  inductance  data  of  Figure  5 -9,  and  the  formulas  above  are  use- 
ful for  estimating  the  common  load  impedances  of  power  equipment  such  as  lamps  or  heaters 
that  have  relatively  small  exposed  conductors. 

Because  circuit  elements  with  time  constants  shorter  than  10  ns  will 
probably  have  no  effect  on  the  response  of  the  low-voltage  system,  we  may  neglect  the 
Inductance  or  capacitance  of  protruding  conductors  shorter  than 


t!  * 


10- 8c 

* 1.5  m (ungrounded) 

2 

10‘BZo 

(grounded) 


(6-23) 


where  ZD  Is  the  characteristic  impedance  of  the  conduit  circuit,  and  L Is  the  Inductance  per 


(I 

Figure  5-10  CHARACTERISTIC  IMPEDANCE,  AND  CAPACITANCE  AND  INDUCTANCE 
PER  INCH 


270 


unit  length  of  the  exposed  conductor.  Since  Z0  is  typically  of  the  order  of  30  ohms  for  the 
conduit,  and  L is  of  the  order  of  20  nH/inch  for  openly  protruding  conductors,  grounded 
conductors  shorter  than  about  15  inches  can  be  treated  as  short  circuits.  Ungrounded  con- 
ductors shorter  than  5 ft  (10  t -s  round-trip  transit  time!  can  he  treated  as  open  circuits. 
(The  round-trip  transit  time,  rather  than  the  lumped  capacitance,  determines  the  "time 
constant"  ot  ungrounded  conductors  unless  the  capacitance  per  unit  length  exceeds  about 
5 pF/inch.) 


Three-phase  and  single-phase  motors  used  to  power  pumps,  blowers,  etc.,  often 
represent  the  loads  on  conduit  circuits.  Measurements  have  been  made  of  the  line-to-case  imped- 
ance and  line-to-neutral  impedance  of  two  three-phase  induction  motors.  The  impedances  be- 
tween the  three-phase  conductors  and  the  motor  frame  have  been  measured  for  both  the 
7-1/2-hp  and  the  1/2-hp  three-phase  motors,  This  impedance  is  shown  in  Figure*  5-11  and 
5-12.  It  is  apparent  that  this  Impedance  behaves  as  a capacitance  at  frequencies  up  to  almost 
10  MHz,  although  the  value  of  the  capacitance  changes  near  100  kHz.  At  10  kHz,  the  capaci 
tance  of  all  three  windings  to  the  case  is  0.0051  pF  for  the  7-1/2-hp  motor  anti  0.0013  pF  for 


Figure  5-11  LINE, -TO  CASE  IMPEDANCE  OF  7-1/2-hp  INDUCTION-MOTOR 
WINDING 
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Figure  5-12  LINF-TO-CASF.  IMPEDANCE  OF  1/2-lip  INDUCTION-MOTOR 
WINDING 


the  1 ■'2  hp  motor.  Both  motors  have  suljsid iiiry  resonances  in  tin;  vicinity  of  500  kHz  and  pri  - 
mary resonances  new  10  MHz.  Thewinding  to  case  impedance  has  also  boon  measured  on  a 
single-  phase  motor  with  the  terminals  connected  together.  Tins  impedance  is  shown  in  Figure 
5 13.  As  with  the  three-phase  motors,  this  impedance  behaves  as  a capacitance  up  to  about  10 
MHz,  with  some  weak  resonances  along  the  way.  At  10  kHz,  the  winding  -to -case,  capacitance 
is  0.0014  p F.  From  these  data  it  appears  that  the  winding -to  case  capacitance,  for  example, 
increases  with  motor  size,  and  the  winding- to  -case  impedance  can  he  represented  fairly  well  by 
a lumped  capacitance  at  frequencies  up  to  10  MHz.  It  should  he  pointed  out  that  the  7-1/2  - hp 
motor  and  the  1/2  hp  three  phase  motor  are  wound  for  different  speeds.  Interpretation 
of  these  data  should  also  take  into  account  motor  speed  as  well  as  power  and  voltage 
rating,  since  different  speed  ratings  imply  a different  way  of  combining  windings  that  may 
affect  the  winding  to  case  capacitance,  It  should  also  he  pointed  out  that  the  measure 
merits  -e  all  made  with  the  windings  unenergized  and  the  rotors  stationary.  This  condition 
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0.0014  fUF 


MOTOR:  1/2  hp  SINGLE  PHASE 

110  V 00  Ht 
1/26  RPM 
(Dayton  Eluctricl 


FREQUENCY  - Hi 

Figure  6-13  LINE-TO-CASE  IMPEDANCE  OF  1/2-hp  SINGLE-PHASE 
CAPACITOR-START  MOTOR  WINDING 


of  measurement  is  no  concern  for  the  3-phase  induction  motors,  hut  for  the  single-phase 
capacitor-start  motor  it  means  that  the  measurements  were  made  with  the  starting  winding 
connected,  and  that  the  results  may  be  different  on  a running  motor  with  the  starting  wind- 
ing disengaged. 


5.2.3  MULTICONDUCTOR-TRANSMISSION-LINE  ANALYSIS 


A potentially  more  exact  analysis  of  power  conductors  in  conduits  than  tne  common 
mode  analysis  described  above  treats  the  conductors  as  a multiconductor  transmission  line.2" 
F.uch  conductor  is  then  coupled  to  every  other  conductor  in  the  conduit  through  mutual 
capacitances  and  mutual  inductances,  and  loads  at  the  ends  of  the  conductors  become 
networks  of  elements,  rather  than  single  elements  as  assumed  in  the  common-mode  model. 
Transmission-line  voltages,  currents,  impedances,  and  admittances  are  represented  by  matrices 
in  the  multiconductor-transmission-line  analysis.  Evaluation  of  the  voltages  and  currents 
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at  points  in  the  low  voltage  wiring  is  very  difficult  if  there  are  more  than  two  conductors 
in  each  conduit.  Because  of  the  complexity  of  the  multiconductor-  transmission-line 
analysis,  all  applications  of  this  method  to  power  wiring  have  involved  developing  computer 
programs  for  performing  the  matrix  manipulation  and  numerical  evaluations. 

Although  the  multiconductor-transmission  line  analysis  has  the  potential  for  pro- 
viding more  accurate  results  and  for  providing  voltages  between  conductors  as  well  as  com- 
mon-mode voltages,  this  potential  can  only  be  realized  if  the  properties  of  the  power  circuits 
can  be  accurately  specified.  In  practice,  wiring  fished  through  conduit  meanders  somewhat 
randomly  along  the  circuit,  so  that  the  cross  section  of  multiconductor  circuit  is  not  uniform 
along  its  length.  Furthermore,  to  specif iy  the  load  impedance  of  simple  devices  such  as  three- 
phase  induction  motors,  a large  number  of  measurements  over  a wide  range  of  frequencies 
are  required.  It  is  questionable,  therefore,  that  sufficient  increase  In  accuracy  can  be 
achieved  to  warrant  the  large  increase  in  complexity  (or  effort)  required  tc  pm  form  the 
multiconductor- transmission-line  analysis.  Since  power  -system  analyses  are  usually  per- 
formed primarily  to  determine  peak  voltages  that  might  damage  insulation  or  components 
and  to  determine  the  type  and  quality  of  protection  required  for  sensitive  equipment,  a 
very  rigorous  analysis  is  seldom  required. 

A less  complex  version  ol  the  multiconductor  transmission  line  analysis  is  sometimes 
used.  Because  the  neutral  of  a three-phase  system  or  the  center  tap  of  a 120/240  V single 
phase  system  is  often  grounded  at  the  load  as  well  as  at  the  power  ground  near  the  service 
entrance,  these  conductors  may  behave  quite  differently  from  the  ungrounded  "lino"  con 
ductors.  Thus  if  the  neutral  or  ground  conductors  are  treated  as  one  conductor  and  all  tin* 
"line"  conductors  in  common  are  treated  as  a sepaoit**  conductor,  the  multiconductor 
circuits  can  be  analyzed  as  three -conductor  (two  inner  conductors  and  one  conduit)  trans- 
mission lines.  This  method  of  analysis  offers  some  improvement  over  the  common-mode 
analysis,  yet  because  each  conduit  is  presumed  to  contain  only  two  conductors,  it  is  much 
simpler  than  the  complete  multiconductor  -transmission  -line  analysis.  Some  dilficulty  is 
encountered,  however,  where  conductors  from  one  conduit  are  separated  and  led  into  two 
or  more  conduits,  because  such  a branch  does  not  constitute  a solid  junction  of  three-con  - 
doctor  transmission  lines. 


274 


CITED  REFERENCES 


1.  National  Electrical  Code  1971,  (National  Fire  Protection  Association, 

Boston,  Massachusetts,  1971). 

2.  E.  F,  Vance  and  S.  Dairiki,  "Analysis  of  Coupling  to  the  Commercial  Power 
System,"  Technical  Report  AFWL-TR-72-21.  Contract  F29601-69-C-0127, 
Air  Force  Weapons  Laboratory,  Kirtland  Air  Force  Base,  New  Mexico  (August 
1972). 

3.  S.  Frankel,  "The  Differential  Equations  of  b Transmission  Line  Excited  by  an 
Impressed  Field  with  Axial  Magnotlc  Component,"  Interaction  Note  125,  Air 
Force  Weapons  Laboratory,  Kirtland  Air  Force  Base,  New  Mexico  (September 
1972,  unpublished  report). 

4.  S.  Frankel,  "TEM  Response  of  a Multiwire  Transmission  Line  (Cable)  to  an 
Externally  Impressed  Electromagnetic  Field:  Recipe  for  Analysis,"  Interaction 
Note  130,  Air  Force  Weapons  Laboratory,  Kirtland  Air  Force  Base,  New  Mexico 
(February  1972,  unpublished  report). 


Chapter  Six 


GROUNDING  SYSTEMS 


8.1  GENERAL  DESCRIPTION  OF  GROUNDING  SYSTEMS 

6.1.1  POV.'ER-SYSTEM  GROUNDING 

Grounding  systems,  although  seemingly  simple,  are  In  fact  quite  complex  and  often 
controversial.  The  grounding  system  designed  by  the  utility  must  be  compatible  with  the 
lightning  protection  system,  the  protective  relaying  system,  the  system  insulation,  and  the 
grounding  systems  of  other  utilities  with  which  it  is  interred, '•  2 The  power  grounding  sys 
tem  required  of  the  consumer  by  national  or  local  electrical  codes  is  specified  primarily  for 
personnel  and  property  protection.  The  consumer's  equipment  grounding  system  may  be 
designed  primarily  for  interference  reduction  so  that  objectional  crosstalk  between  subsys- 
tems is  minimized,  Therefore,  there  are  at  least  three  ground  systems  serving  essentially 
different  functions  within  the  utility's  and  consumer's  combined  system. 


Grounding  in  the  transmission  and  distribution  systems  is  necessary  to  prevent  the 
conductors  from  ''floating''  to  high  potentials  and  Inducing  insulation  failure.  High  poten- 
tials on  floating  systems  con  be  generated  by  lightning,  transients  associated  with  switching 
or  faults,  leakage  from  a high-voltage  system  to  a lower-voltage  system,  or  from  static 
electrification  during  r.now,  sleet,  or  dust  storms.  A system  ground  also  facilitates  fault 
detection  and  relaying  because  a fault  on  any  phase  can  he  detected  and  localized  more 
readily  if  the  grounding  system  is  properly  designed.  A typical  neutral  grounding  system  for 
a three-phase  transmission  system  is  Illustrated  In  Figure  6-1.  The  generators  feeding  the 
transmission  bus  ore  either  ungrounded,  or  grounded  through  sufficient  Impedance  that 
fault  current  through  the  generator  is  limited  to  n safe  level.  The  transmission  line  is  grounded 
at  the  neutral  of  the  wye-connected  transformer  secondary,  as  is  the  subtronsmlsslon  line 
and  the  distribution  line,  Transmission  and  subtransmission  are  normally  over  three-wire 
lines,  while  distribution  lines  serving  both  three-phase  and  single-phase  loads  are  usually 
four-wire  linos, 

Not  shown  In  Figure  6-1  is  the  overhead  ground-wire  system  used  for  lightning  pro- 
tection on  transmission  and  subtransmission  lines.  The  overhead  ground  wires  are  usually 
grounded  at  each  pole  or  tower,  but  they  are  not  connected  to  the  neutral  except  through 
the  soil.  The  overhead  ground  wires  thus  form  a separate  ground  system,  essentially  inde- 
pendent of  the  three-phase  neutral. 

At  the  consumer  end  of  the  distribution  system  the  distribution  transformers  may  he 
connected  in  any  of  the  four  possible  delta  and  wye  combinations  shown  in  Figure  6-2, 

When  the  primary  side  is  wye-connected  and  a four  wire  distribution  line  is  used,  however, 
the  neutral  line  is  usually  not  connected  to  the  neutral  of  the  transformer  bank.  This  is  be- 
cause a phase-to- ground  fault  would  then  plucn  line-to-llne  voltage  uiross  the  transformers 
on  the  unfaulted  phases,  with  tho  consequent  overvoltage?  and  probable  damage  to  the  trans- 
former and  consumer  equipment.  To  avoid  this  situation,  the  neutral  of  the  distribution  line 
is  sometimes  grounded  one  pole  bark  from  the  transformers  and  the  transformer  neutral  is 
grounded  at  the  transformer  pole  so  that  the  soil  resistance  limits  the  neutral  current  flow. 
However,  this  method  lias  the  disadvantage  that  large  voltage  gradients  in  the  soil  near  the 
consumer's  facility  may  accompany  a phase-  to-  ground  fault. 
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The  delta-connected  secondary  shown  in  Figures  6-2(b)  and  C -2(d)  may  be  pro- 
vided with  a grounded  neutral  through  a zig-zag  transformer  or  some  other  means  to  meet 
the  electrical  codes.  The  delta-connected  secondary  is  not  uncommon,  however,  where 
460  V (or  higher)  3-phase  service  is  required  in  addition  to  120/240-V  single-phase  service. 


6.1.2  GROUNDING  LOW-VOLTAGE  WIRING 

The  National  Electrical  Code  requires  all  4 ■ wire,  three  phase  circuits  of  480  V or 
less  to  be  grounded  if  the  neutral  is  used  as  a circuit  conductor.3  In  general,  if  ground  on 
any  ac  circuit  can  be  achieved  so  that  the  voltage  of  the  ungrounded  conductors  does  not 
exceed  150  V the  system  must  be  grounded.  Thus,  one  side  of  120-V  single-phase  systems 
and  the  center  tap  of  120/240-  V single-phase  systems  are  grounded.  A single-point  ground 
Is  recommended  (but  not  required),  with  the  ground  electrode  being  one  of  the  following: 

(1 ) A water  pipe  or  well  casing  at  least  10  ft  long 

(2)  The  metal  frame  of  a building  If  effectively  grounded 

(3)  Gas  piping  (whero  permitted) 

(4)  Other  underground  piping,  tanks,  etc,  § 

(5)  Concrete  -encased  reinforcing  bar  of  underground  footings 

(6)  Specially  installed  rod,  pipe,  or  plate  ground  electrodes  wnerc  resistance  to 
ground  does  not  exceed  25  ohms, 

All  metal  conduit  (rigid  or  flexible),  raceways,  gutters,  metal  equipment  enclosures,  and 
boxes  must  be  horded  for  electrical  continuity.  Although  the  national  code  establishes 
these  bonding  and  grounding  requirements,  there  are  few  quality-control  checks  to  ensure 
that  the  requirements  are  met,  and  the  requirements  are  often  so  vague  as  to  be  subject  to  a 
wide  range  of  interpretations.  The  primary  purpose  of  these  requirements  is  to  prevent  per- 
sonnel hazards  and  •■quipinurit  damage  that  might  result  if  unqruunded  equipment  cabinets 
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or  outlet  boxes  inadvertently  became  energized;  as  they  are  practiced,  the  code  require- 
ments appear  to  be  satisfactory  for  this  purpose, 


8.1.3  GROUNDING  ELECTRONIC  EQUIPMENT 

If  the  consumer's  facility  contains  extensive  electronic  equipment  (e.g.,  a communi- 
cations center  or  computer  facility)  additional  grounding  systems  may  be  necessary.  In 
these  facilities  it  is  not  uncommon  to  find  two  to  four  ground  buses  that  are  interconnected 
only  at  one  facility  ground  point  (such  as  a well  casing  or  b pipe  driven  expressly  for  ground- 
ing purposes).4  This  grounding  system  is  required  to  permit  substantially  balanced  circuits 
to  be  used  and  segregated  according  to  function  served,  so  that  mutual  Interference  between 
ac  power,  dc  power,  and  low-level-signal  circuits  can  be  reduced  to  a tolerable  level.  A sep- 
arate tree  system  for  each  circuit  class  Is  usually  claimed,  although  in  practice  there  are 
usually  some  closed  loops  in  the  branches  of  the  ground  trees.  The  principal  trunks  and 
branches  of  a ground  system  for  a telephone  electronic  switching  center  that  contains  four 
ground  systems  in  addition  to  the  ac  power  ground  are  illustrated  in  Figure  6-3. 


6.2  EVOLUTION  OF  A FACILITY  GROUNDING  SYSTEM 

As  is  pointed  out  in  Section  6.1  above,  the  grounds  for  the  transmission  system,  the 
building  wiring,  and  the  electronic  equipment  in  the  building  are  for  quite  different  purposes. 
In  general,  the  reasons  for  grounding  are  varied,  and  It  would  be  presumptuous  to  attempt  to 
specify  grounding  procedures  without  first  establishing  the  reasons  for  grounding  and  the 
goals  that  the  grounding  system  should  achieve,  These  reasons  and  goals  are  usually  based  on 
system  functional,  safety,  and  RF  interference  considerations  and  aro  inherently  prescribed 
by  the  system  specifications,  When  the  EMP  is  included  os  a consideration  in  the  ground- 
system  design,  at  least  one  more  goal  has  been  added  (EMP  hardness),  but  the  reasons  for 
grounding  may  remain  unchanged.  It  ir  therefore  prudent  for  the  designer  to  ovoid  becoming 
so  engrossed  In  the  method  of  groundmg  the  system  that  he  forgets  why  it  is  grounded. 
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Flour*  6-3  ' GROUNDING  SYSTEM  FOR  A TELEPHONE  SWITCHING  CENTER 


The  basic  reason  for  providing  a "ground"  in  electronic  equipment  is  to  establish  a 
firm  reference  potential  against  which  signal  and  supply  voltages  are  measured  (or  established), 
For  small  systems  such  as  the  home  radio  receiver  illustrated  in  Figure  6 4(a),  a metal  chassis 
can  be  used  as  the  reference  even  though  it  may  not  be  "grounded"  (there  is  no  need  to 
ground  the  chassis  if  it  is  so  encased  that  there  is  no  possibility  of  a shock  hazard),  The 
chassis  potential  is  the  same  (almost)  throughout  the  set,  so  that  the  power  supply,  the  RF 
amplifiers,  the  mixer,  the  IF  and  audio  amplifiers,  etc.  all  share  a common  reference  elec- 
trode and  only  a signal -carrying  conductor  and  a power-supply  conductor  are  needed  to 
Interconnect  these  stages.  If  tho  chassis  were  dielectric  instead  of  metal,  It  might  be  neces- 
sary to  provide  two  wires  between  stages  for  the  signal  und  two  for  the  dc  power  os  Illustrated 
In  Figure  6-4(b).  If  one  of  the  wires  is  used  as  a common  reference  for  both  power  and  signal, 


4 


281 


DET  8> 
AUDIO 
AMP, 


POWER 

SUPPLY 


CHASSIS 


III  METAL  CHASSIS  AS  QROUNO  FOR  POWER  SUPPLY  AND  RECEIVER  CIRCUITS 


I'M*! 


DET  H 
AUDIO 
AMP 


POWER 

SUPPLY 


|<M>1 


•M>1 


de  OROUND 


|<]<L] 


Ibl  SEPARATE  OROUNOS  FOR  SIGNAL  AND  do  POWER 
Figure  6-4  EXAMPLES  OF  GROUNDS  FOR  A SIMPLE  RADIO  RECEIVER 

fluctuations  in  power -supply  current  might  induce  L di/dt  voltages  of  objectional  proper 
tlons  in  the  "common"  wire.  Thus,  the  system  has  evolved  into  one  requiring  two  references 
one  for  signal  and  one  for  dc  power,  Those  two  reference  conductors  must  ho  connected 
together  at  one  point,  hut  thu  system  may  not  operate  if  they  ore  common  throughout 
the  system, 


As  a final  evolution  of  the  simple  radio  receiver,  suppose  the  RF,  IF,  audio,  and 
power-supply  sections  were  built  and  packaged  as  separate  modules  that  were  physically 
separated  and  interconnected  with  cables  as  illustrated  In  Figure  6-6,  Because  the  signal 
levels  In  the  receiver  are  quite  small,  shielded  interconnecting  cables  would  be  required  to 
prevent  ambient  noise  picked  up  on  the  interconnecting  cables  from  degrading  the  perform- 
ance of  the  receiver,  arid  the  modules  would  have  to  be  shielded  to  prevent  the  interference 
on  thu  cable  shields  from  coupling  to  the  signal  conductors.  Now  a third  reference  system, 


the  shield,  has  been  created,  It  must  be  connected  to  the  signal  and  power-supply  reference 
conductors  to  prevent  excessive  potential  differences  between  the  shield  and  the  internal 
circuits,  but  if  the  shield  and  the  other  grounds  are  connected  together  at  more  than  one 


Figure  «-0  SIMPLE  RECEIVER  SEPARATED  INTO  MODULES  INTERCONNECTED  BY 
SHIELDED  CABLES 


point,  voltage  drops  along  the  shield  may  induce  malfunction  of  the  receiver.  In  addition, 
because  the  shield  Is  presumably  exposed  to  operating  personnel,  it  must  be  grounded  to 
earth  or  building  structure  to  prevent  shock  hazards.  The  originally  simple  receiver  is  now  a 
complex,  interconnected  system  with  three  "ground"  systems. 

The  simple  radio  receiver,  made  complex  by  regressive  evolution,  provides  an  excel- 
lent example  of  the  advantages  of  the  popular  single-point,  tree  ground  system  illustrated  In 
Figure  6-6,  The  entire  ground  system  Is  grounded  at  one  point,  and  each  subsidiary  ground 
branches  out  from  this  trunk  attached  to  the  single  ground  point.  If  any  of  the  branchor 
had  been  connected  to  each  other  at  more  than  one  point  there  would  be  a reasonable  doubt 
that  the  system  could  achieve  the  desired  performance  (even  In  the  absence  of  extraneous 
Influences  such  as  tho  EMP),  However,  If  we  examine  the  shield  system  of  Figure  0-6  care- 
fully we  observe  a situation  that  poses  a paradox  for  the  tree  concept  of  grounding.  Although 
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the  signal  and  power-supply  grounds  follow  the  single-point,  tree  concept,  the  shield  system 
does  not,  because  there  are  loops  between  the  shielded  cables  interconnecting  each  pair  of 
modules,  Thus,  the  shield  system  is  a mesh,  rather  than  a tree. 

While  it  would  be  easy  to  redesign  the  simple  radio  receiver  of  Figure  6-5  to  elimin- 
ate the  loops  in  the  shield  system,  in  more  complicated  systems  It  Is  sometimes  virtually 
impossible  to  eliminate  all  loops  in  all  of  the  ground  systems,  Consider,  for  example,  a 

large  system  with  a feedback  loop 
such  that  the  output  of  one  module 
is  operated  on  by  a second  module 
and  fed  back  to  an  upstream  module 
interconnected  with  the  first,  In  this 
case  It  is  likely  that  the  shield,  signal 
common,  and  power-system  common 
will  ail  contain  loops.  The  problem 
Fieurt  6-6  SINGLE  POINT  TREE  GROUND  can  bo  even  further  complicated  If 

SYSTEM  the  mocju|L1  enclosures  are  Installed  in 

a steel  building  so  that  each  enclosure 
is  grounded  through  Its  mounting 

hardware  as  well  as  through  the  shield  system,  The  latter  problem  is  illustrated  in  Figure 
6-7(a)  where  two  modules  are  interconnected  through  the  cable  shield  and  the  mounting 
structure.  Even  it  the  cabinets  are  insulated  from  the  metal  floor,  the  capacitance  between 
the  cabinets  and  the  floor  would  close  the  loop,  as  is  suggested  by  the  dashed  capacitances  in 
Figure  6- 7(a).  Opening  the  loot)  by  breaking  the  shield,  as  indicated  in  Figure  6-7 0>),  does 
not  eliminate  the  problem;  it  merely  changes  its  form.  Whereas  the  short  circuit  current 
induced  in  the  loop  of  Figure  6-7(a)  flows  in  the  cable  shield,  the  opon-circuit  voltage 
induced  In  the  loop  can  drive  the  internal  circuits  when  the  shield  is  brokwn  as  in  Figure 
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6.3  PRINCIPLES  OF  GROUNDING 

6.3.1  SINGLE-POINT  VS.  DISTRIBUTED  GROUND 

The  examples  in  the  preceding  section  illustrate  that  implementing  the  single-point 
tree  ground  concept  in  systems  with  many  racks  mounted  on  a common  metal  structure  or 
in  systems  with  complex  feedback  loops  may  be  very  difficult  or  even  undesirable,  In  this 


<*)  GROUND  LOOP  FORMED  BY  CABLE  SHIELD 


lb)  GROUND  LOOP  OPENED  BY  COMPROMISING  SHIELD 

Flour*  6-7  LOOP  FORMED  BY  CABLE  SHIELDS  AND  METAL  FLOOR  OR 
WALLS 
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section,  an  attempt  will  be  made  to  evaluate  the  relative  merits  of  the  tree  ground  system 
and  some  violations  of  the  tree  ground.  For  this  discussion,  two  aspects  of  the  grounding 
systems  will  be  considered:  how  it  affects  normal  system  performance,  and  how  it  affects 
coupling  to  the  system  from  external  effects  such  as  the  EMP. 

Consider  a single-point  ground  consisting  of  only  the  ground  point  and  trunk  as 
illustrated  in  Figure  6-8.  The  ground  point  is  assumed  to  be  a point  on  a metal  plane,  such 
as  the  steel  liner  of  a shielded  building,  and  the  trunk  is  of  length  V and  of  height  h above 
the  ground  plane.  If  this  ground  trunk  is  illuminated  with  a plane  wave,  Incident  at  an  ele- 
vation angle  \p  to  the  ground  plane  and  an  azimuth  angle  <fi  to  the  axis  of  the  wire,  the  open- 
circuit  voltage  developed  between  the  open  end  of  the  wire  and  the  ground  plane  can  be 
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Figure  6-8  SINGLE-POINT  GROUND  AND  ONE  TRUNK 


calculated  from  Eq.  (2-18)  with  pg  - -1  and  re  * 0,  The  impedance  looking  into  the  open 
end  of  the  wire  is 


Z(0)  = jZ0  tan  08  (6-1) 

If  perfect  conductors  are  assumed  and  8 » h. 

At  frequencies  such  that  8 « c/f,  the  impedance  and  open-circuit  voltage  expres- 
sions reduce  to 


(cos  p \ 

, . . (6-2) 

sin  ip  sin  \J/ 1 

Z(0)  % jw—  cosh"1  — <3-3) 

2ff  a 

where  H0  Is  the  incident-magnetic-field  intensity,  p0  is  the  permeability  of  free  space,  a is 
the  radius  of  the  wire,  and  the  upper  and  lower  trigonometric  functions  apply  to  vertical  and 
horizontal  polarization  of  the  incident  electric  field,  respectively.  The  voltage  is  just  that 
induced  In  a loop  of  area  h8  by  the  magnetic  flux  2 pi0  H0  X(angular  function)  linking  it.  For 
a 1-V/m  plane,  vertically  polarized  wave  incident  at  y?  - 0,  the  open-circuit  voltage  induced 
et  1 MHz  at  the  end  of  a conductor  2 cm  in  diameter,  2 cm  high,  and  3 m long  is  2.6  mV, 
and  its  Impedance  is  |5  ohms.  If  the  right  end  of  the  wire  were  connected  to  the  ground 
plane  to  form  a closed  loop,  a circulating  current  of  0.5  mA  would  flow  in  the  loop  at  1 MHz. 
Thus,  from  the  standpoint  of  Induced  effects,  the  question  Is,  which  is  less  desirable,  the  2.5- 
mV  potential  difference  between  the  ground  tree  and  structural  ground  or  the  0,5-mA  cur- 
rent circulating  in  the  ground  loop? 
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The  answer  to  this  question  will  depend  on  the  system  requirements.  If  the  ground 
tree  is  that  formed  by  the  interconnecting  cable  shields,  the  circulating  current  will  usually 
be  less  objectionable  than  the  potential  difference  because  the  cable  shields  eliminate  much 
of  the  effect  of  this  current  on  the  conductors  inside  the  shield.  If  the  ground  tree  is  the 
signal  common,  however,  the  same  potential  difference  will  be  induced  In  the  signal  lead  as 
is  induced  in  the  common  lead,  so  that  the  potential  difference  between  the  signal  and  com- 
mon leads  is  negligible.  Unless  the  terminating  impedance  is  balanced  and  the  terminal  cir- 
cuits have  adequate  common-mode  rejection,  however,  part  of  the  common-mode  induced 
voltage  may  be  converted  to  differentia!  voltage. 


6.3.2  GROUND  IMPEDANCE 

From  the  standpoint  of  minimizing  the  Impedance  to  ground  of  the  equipment  at 
the  right  end  of  the  ground  trunk  shown  in  Figure  6-8,  a direct  connection  to  the  ground 
plane  Is  much  superior.  The  Impedance  between  two  studs  2 cm  in  diameter  welded  to  the 
ground  plane  3 m apart  is  shown  in  Figure  6-9  for  steel,  aluminum,  and  copper  ground 
planes  that  are  thick  compared  to  a skin  depth.  For  comparison,  the  impedance  of  a ground 
cable  2 cm  In  diameter,  2 cm  high,  arid  3 m long  is  also  shown.  The  Impedance  nf  the  cable 
is  10  to  100  times  greater  that  that  of  the  ground  plane  In  the  megahet ' t,  . quency  range 
shown  (except  at  the  half-wave  resonance  frequencies  for  the  cable).  Thus  if  the  objective 
of  the  ground  is  to  firmly  connect  chassis  or  equipment  frames  to  a low-impedance  common 
bus,  connecting  these  parts  firmly  to  the  ground  plane  by  the  shortest  path  possible  provides 
the  hest  solution. 

In  general  the  impedance  of  a wire  ground  connection  varies  widely  with  frequency. 

At  low  frequencies,  such  that  the  ground  lead  inductance  is  small  compared  to  Its  Internal 
impedance,  the  impedance  of  the  ground  is  determined  by  the  internal  impedance  of  the 
lead  and/or  ground  plane  plus  any  contact  resistance  (in  fact,  the  contact  or  junction  resis- 
tance is  often  larger  than  the  resistance  of  the  metal).  The  low-frequency  resistance  applies  for 

f < — (6-4) 
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where  R is  the  resistance  of  the  metal  in  the  ground  conductor  and  L is  its  inductance. 


At  high  frequencies,  the  ground  impedance  is  dominated  by  the  inductance  of  the 
ground  lead,  which  can  be  estimated  from  Figure  5-10  or  from 
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where  V.  is  the  length  of  the  ground  lead,  Z0  is  its  characteristic  impedance  as  a transmission 
line,  and  c is  the  speed  of  light  (3  X 108  m/s),  Since  wires  over  ground  planes  have  charac- 
teristic impedances  of  a few  hundred  ohms,  ground  lead  inductances  are  often  about  1 pH 
per  meter  of  length,  The  upper  limit  on  the  lumped-inductance  behavior  of  the  ground 
lead  impedance  indicated  above  is  the  frequency  at  which  the  length  of  the  ground  lead 
approaches  a quarter  wavelength.  For  high  frequencies  such  that  f > c/41!,  the  Impedance  of 
the  ground  lead  changes  radically  with  frequency,  alternating  between  a very  large  value  and 
a very  small  value  as  is  illustrated  by  the  cable  impedance  In  Figure  6-9  for  frequencies 
above  10  MH2.  The  impedance  of  the  ground  lead  is  then 
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for  perfect  conductors,  which  varies  between  - » and  + «>  as  the  frequency  Increases. 


6.3.3  TREE  GROUND 

Suppose  that  two  branches  are  added  to  the  ground  wire  of  Figure  6-8  so  that  we 
obtain  a ground  wire  with  a trunk  and  two  branches  as  shown  In  Figure  6-10,  Now  if  this 
ground  tree  is  the  signal  ground  for  the  system,  and  signal  return  currents  h and  I2  are 
flowing  to  the  single  ground  point,  their  sum  h + I2  must  flow  through  the  single  trunk.  The 
voltage  V0  developed  by  these  return  currents  is 

V0  = ill+l2>Zc  (0-7) 
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V2  = l2  <Z2  + ZJ  + l,Zc 


16-9) 


so  that  the  signal-ground  voltage  at  the  end  of  Line  2 depends  on  the  return  current  h . If 
the  numerical  values  obtained  earlier  are  used,  the  impedance  of  the  trunk  and  each  branch 
is  6 ohms  at  1 MHz,  so  that  1 A of  return  current  in  either  branch  will  produce  5 V in  the 
other  branch,  and  vice  versa.  Thus,  the  common  trunk  has  introduced  mutual  coupling 
between  the  subsystem  at  the  end  of  Branch  1 and  the  one  at  the  end  f Branch  2.  Such 
mutual  coupling  may  bo  undesirable  (or  intolerable)  from  the  point  of  view  of  system 
performance. 
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6.3.4  DISTRIBUTED  GROUND 


The  mutual  coupling  in  the  trunk  can  be  greatly  reduced  by  grounding  the  junction 
to  the  structure  as  illustrated  in  Figure  6-11.  If  the  junction  grounriing  (earl  is  of  length  h, 

and  radius  a,  its  impedance  will  be 


Poh  2h . 

Zn  * jco— — log  — 
2tr  a 


(6-10) 


which  is  about  h/S  times  the  impedance  of  the  trunk  of  length  V ((! » h > a).  This  reduc- 
tion of  coupling  through  the  trunk  has  been  achieved  at  the  expense  of  forming  a "ground 
loop"  containing  the  trunk.  This  loop  may  be  quite  acceptable  for  many  systems;  however, 
it  may  be  objectionable  under  either  of  the  following  conditions: 

(1)  Grounding  the  signal  common  merely  forces  a common-mode  signal  conver- 
sion to  take  place  at  the  junction  (for  either  the  desired  signal  or  the  externally 
Induced  signal). 

(2)  The  loop  currents  in  the  trunk  can  Induce  significant  signals  in  the  branches 
(e.g„  If  the  trunk  and  branch  are  in  the  same  cable  or  bundle). 


6 3.6  STAR  GROUND 

An  alternative  method  of  reducing  the  coupling  between  the  branches  caused  by  the 
common  trunk  is  to  eliminate  the  common  trunk  by  forming  u star"  ground  with  three 
spokes  as  illustrated  in  Figure  6-1 2.  For  the  simple  example  being  considered  here,  the 
single-point  star  ground  system  would  be  preferred  for  a signal  ground  system  In  which  there 
Is  negligible  coupling  between  the  branches  (spokes).  It  should  be  pointed  out,  however,  that 
if  the  three  branches  are  In  the  same  cable,  there  is  a possibility  of  coupling  (crosstalk)  among 
them  from  both  mutual  capacitance  and  mutual  Inductance  between  the  conductors. 
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Flflurt  8-12  TRUNK  ELIMINATED  TO  FORM 
A STAR  GROUND 


to  the  problem  of  potential  differences  between 


In  practice,  twisted  pairs  (or,  if  neces- 
sary, twisted  shielded  pairs)  can  be 
used  for  the  signal  and  signal  common 
leads  to  minimize  cross-talk  between 
the  circuits  in  a common  cable.  For 
more  complex  systems  involving  feed- 
back loops,  the  star  ground  with 
twisted  pairs  does  not  offer  a solution 
separate  parts  of  the  system  (e.g„  Vj,  Vi ). 


6.3.6  SOME  GUIDELINES  FOR  SYSTEM  DESIGN 

It  Is  evident  from  these  discussions  that  one  cannot  a priori  specify  an  optimum 
grounding  system  that  Is  applicable  to  all  systems  or  even  to  all  parts  of  a given  system.  Each 
system  and  each  part  of  a complex  system  has  its  own  peculiar  requirements  based  on  func- 
tional and  safety  considerations.  The  design  of  the  grounding  system  Is  therefore  an  integral 
part  of  the  system  design;  it  cannot,  In  general,  be  designed  separately  end  added  to  the 
remainder  of  the  system.  Neither  can  rigid  specification  of  a particular  ground  type  ensure 
that  the  system  will  function  properly  or  be  immune  to  external  interference  such  as  the 
EMP.  In  the  final  analysis,  it  is  the  circuit  (system)  designer's  responsibility  to  ensure  that 
the  system  performs  Its  Intended  function  reliably  and  safely  in  the  environments  specified. 
The  following  guidelines  are  offered  to  assist  the  designer  in  achieving  his  objectives: 

(1 ) Use  a tree  or  star  ground  system  with  twisted  pairs  and  balanced  signal  circuits 
wherever  practical, 

(2)  When  loops  ere  formed  by  the  Interconnecting  cables  between  separate  modules, 
use  balanced  input  and  output  stages  with  large  common-mode  rejection  for 
the  signal  pairs, 

(3)  Use  separate  ground  returns  for  circuits  that  have  large  signal  return  currents  or 
large  rates  of  change  of  signal  return  currents  to  avoid  mutual  interference  In 
common  trunks  or  branches, 
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(4)  If  the  system  is  installer!  inside  a welded  steel  (or  other  metal)  shielded  enclo- 
sure, honti  all  cabinets  and  equipment  racks  to  the  shield.  The  shields  of  shielded 
interconnecting  cables  should  he  connected  to  the  cabinets  (or  racks)  at  both 
ends  even  if  this  forms  a loop, 

(5)  If  the  system  is  Inside  a closed  shield,  the  walls  of  the  shield  should  be  used  as 
the  common  ground  for  the  system,  The  signal  common  should  be  connected 
to  the  inside  of  the  shielded  enclosure,  and  the  ac  power  ground  should  be  con- 
nected to  the  outside  of  the  shielded  enclosure  (e.g,,  in  an  entry  vault  contain- 
ing all  other  penetrations  such  as  communications  cables,  antenna  leads,  etc.). 

(6)  Avoid  connecting  the  power  neutral  and  external  cable  shields  to  the  same 
point  on  the  room  shield  that  the  signal  ground  is  connected  to,  This  will  min- 
imize the  possibility  of  coupling  large  EMP-induced  signals  on  these  external 
conductors  to  the  signal  common  through  the  ground-point  impedance  (see 
Items  3 and,  5 above), 

(7)  The  building  or  site  ground  for  the  ac  powor  (as  required  by  the  electrical  code) 
should  be  connected  to  earth  external  to  the  facility  shield.  This  earth  connec- 
tion may  also  serve  as  the  external  ground  for  the  facility  shield  If  the  voltage 
drop  between  the  shield  and  the  earth  is  not  a safety  hazard  or  is  not  other- 
wise objectionable. 

(8)  The  use  of  balanced  signal  circuits  with  twisted  pairs  for  interconnecting  the 
subsystems  and  common-mode  rejecting  schemes  (e.g.,  Isolation  transformers) 
on  those  circuits  subject  to  externally  Induced  signals,  together  with  adequate 
overall  shielding,  can  usually  be  implemented  to  minimize  the  effect  of  the 
EMP  on  the  system, 

(9)  The  use  of  nonzero  ground  impedances  (capacitances  for  high  frequencies, 
inductances  for  low  frequencies,  and  resistance  for  static-electricity  bleeders) 
can  often  be  used  to  advantage,  particularly  in  view  of  the  fact  that  zero-impe- 
dance grounds  can  be  approached  only  at  low  frequencies,  Often  devices  such 
as  surge  filters,  chokes,  and  high  -resistance  bleeders  can  contribute  to  better 
overall  system  performance. 
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6.4  GROUNDING  COUNTERPOISE 


The  use  of  a grounding  counterpoise  to  reduce  the  surge  impedance  of  the  ground 
(earth)  connection  is  a common  practice  for  transmission  lines  and  stations.  For  transmis- 
sion lines,  the  counterpoise  m iy  be  an  array  or  grid  of  buried  conductors  fanning  out  from 
the  tower  footings,  or  it  may  be  one  or  more  continuous  buried  conductors  under  and  par- 
allel to  the  power  conductors  to  which  the  towers  are  connected.1,  2'  6 For  the  transmission 
lines,  a primary  consideration  is  to  obtain  an  impedance  to  ground  sufficiently  tow  that  when 
lightning  strikes  the  tower,  the  IZ  drop  at  the  tower  footing  does  not  exceed  the  flashover 
voltage  of  the  line  insulators.  Another  consideration  is  that  gradients  in  the  soil  be  mini 
mixed  for  safety  reasons  (particularly  in  populated  areas)  in  the  event  of  a line  fault.  Station 
grounds  may  be  large  burled  grids,  rings,  or  metal  pipes.  The  station  counterpoise  serves  the 
same  general  purpose  as  the  transmission-line  counterpoise  as  well  as  providing  the  reference 
for  relaying  and  other  protective  and  control  systems. 

Large  communication  stations  such  as  telephone  switching  centers  often  use  a 
counterpoise  in  the  form  of  a well  casing  or  a buried  cable  "ring"  around  the  building,  or 
both.  Such  a counterpoise  serves  a function  similar  to  that  served  by  the  power-station 
ground;  it  provides  a low-impedance  ground  reference  for  the  communication  equipment 
and  it  minimizes  the  gradients  In  the  soil  due  to  surges  induced  on  the  power  and  communi- 
cation cable  systems. 

In  an  EMP  environment,  the  counterpoise  (or  at  least  the  common  ground  point)  may 
have  some  effect  in  reducing  potential  differences  between  cable  systems  and  power  systems, 
but  because  of  the  lengths  of  the  groundsng  conductors  Involved,  this  effect  is  usually  second- 
ary, In  addition,  the  EMP  induces  gradients  directly  in  the  soil,  so  that  the  counterpoise 
does  not  reduce  soil  gradients  In  the  same  sense  that  it  does  for  lightning  surges;  it  merely 
distorts  the  gradients  Induced  by  the  EMP,  Finally,  because  the  attenuation  of  currents  con- 
ducted by  buried  conductors  is  very  large  at  high  frequencies,  only  a few  meters  of  the 
counterpoise  may  be  effective  In  grounding  the  system  in  the  high-frequency  part  of  the 
EMP  spectrum.  The  attenuation  constant  a is 

a * yArf n0a  (a  ► we)  (6-11) 
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(6-12) 
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where  o is  the  soil  conductivity,  |i0  = 4ff  X 10"^,  and  c is  the  permittivity  of  the  soil.  Foi 
average  soil  (n  = 10~2  mho/m,  c - 8,85  X 10'1 1 F/m),  the  attenuation  constant  is  0.14  rrT1 
at  1 MHz  (cj»coc)  and  0.60  m~ 1 above  18  MHz  (o«u»e).  Since  1 /tv  is  the  distance  in 
which  the  current  is  attenuated  by  e'\  this  distance  is  only  7 m at  1 MHz  and  about  1.7  m 
at  frequencies  where  the  soil  behaves  as  a lossy  dielectric. 

Because  of  this  large  attenuation,  the  input  impedance  of  a single  cable  or  well  casing 
used  as  a counterpoise  is  essentially  the  characteristic  impedance  of  the  buried  conductor, 

For  a horizontal  conductor  a few  feet  deep,  this  impedance  is 

1 + i ln 

Z0  51  - log  (r;  > cue)  (6-13) 

2 nob  y0a 

jcOv,/')7«T  2 n 

Z0  t-  log - ) ~ (o  * uif)  (6-14) 

where  f>  is  the  skin  depth  in  the  soil,  a is  the  radius  of  the  conductor,  n is  the  soil  eonduc 
livity,  and  yQ  “ 1 .731 1 . For  a horizontal  conductor  with  the  attachment  point  along  the 
run,  the  impedances  will  tie  smaller  by  '/>  since  there  are  then  two  impedances  in  parallel, 

For  average  soil  (o  = 10-2  mho/m,  t - 8.85  X 10  '11  F/m),  the  impedance  of  a 1 inch  dia 
meter  horizontal  cable  is  26  ohms  at  1 MHz  (o  V>  tut  ) and  320  ohms  at  100  MHz  (n  > un  ) 
if  the  cable  is  long  compared  to  1/cv  (i.e.,  long  compared  to  7 m at  1MHz).  The  surge  impe- 
dance of  the  counterpoise  at  high  frequencies  is  therefore  large,  independent  of  length,  and 
relatively  independent  of  conductor  radius.  Although  the  counterpoise  impedance  can  be 
reduced  by  using  multiple  conductors  in  a grid,  the  high-frequency  impedance  of  the 
counterpoise  will  still  be  tens  of  ohms  in  the  vicinity  of  100  MHz,  so  that  100  A surges  will 
produce  kilovolt  potentials  at  the  ground  point. 
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The  difference  in  the  behavior  of  the  counterpoise  at  high  frequencies  is  illustrated 
in  Figure  6 -13.  In  Figure  6 13(a),  the  dimensions  of  the  counterpoise  are  smaller  than  a 
skin-depth  in  the  soil,  so  that  the  entire  ring  is  effective  in  carrying  and  dissipating  ground 
currents,  Its  surge  impedance  i low,  and  its  "region  of  influence,"  taken  as  the  area  within 
one  skin  depth  of  the  counterpoise  conductors,  is  large.  At  high  frequencies,  however,  the 
skin  depth  (or  1 /«  if  a « u>c)  may  be  small  compared  to  the  dimensions  of  the  counter- 
poise as  illustrated  in  Figure  6- 1 3(b) , Then  the  surge  impedance  is  large  and  the  "region  of 
influence"  is  small.  Furthermore,  only  that  part  of  the  counterpoise  within  about  a few 
skin  depths  in  the  soil  is  effective  in  carrying  ground  current;  the  remainder  of  the  ring  has 
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Figure  6-13  BEHAVIOR  OF  A RING  COUNTERPOISE  AT  LOW  AND  HIGH 
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virtually  no  effect  on  either  the  surge  Impedance  of  the  counterpoise  or  the  ground-current 
distribution  in  the  soil.  Thus  if  two  or  more  attachment  points  separated  by  several  skin 
depths  are  used,  each  mcy  behave  as  essentially  independent  ground  points  at  high  frequencies. 
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Chapter  Seven 


POWER-SYSTEM  PRACTICES 
FOR  EMP  PROTECTION 


7.1  INTRODUCTION 

The  protection  of  electric  power  systems  from  the  effects  of  the  EMP  requires  a 
determination  of  the  EMP  induced  transients  in  the  system  and  an  understanding  of  the  tol- 
erances of  components  of  the  system  for  these  transients.  At  present,  the  transients  induced 
by  the  EMP  are  better  understood  than  are  the  tolerances  of  the  power  system  to  these  tran- 
sients - particularly  the  tolerances  of  the  generation,  transmis;'  m,  and  distribution  systems. 
The  tolerances  of  the  distribution  transformer,  insulators,  and  lightning  arresters,  as  presently 
understood,  are  discussed  in  Chapters  Two  and  Four.  The  effect  of  the  EMP-induced  tran- 
sients on  supervisory-control  systems,  relaying  equipment,  and  turbine  control  systems  con- 
taining solid-state  devices,  or  on  other  equipment  in  the  generation  and  transmission  portions 
of  the  power  system  is  unknown.  These  components  are  apparently  sufficiently  tolerant  to 
withstand  normal  switching  and  lightning  transients  (although  early  versions  of  some  equip- 
ment containing  silicon-controlled  rectifiers  were  apparently  susceptahle  to  switching  tran- 
sients). However,  one  is  inherently  suspicious  of  equipment  using  solid  state  electronics 
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unless  the  electronic  circuits  are  heavily  protected  from  the  direct  EMP  fields  and  from 
induced  currents  conducted  into  the  electronic  circuits.1,2 

The  behavior  of  the  consumer's  end  of  the  power  system  is  considerably  better 
understood  because  this  portion  of  the  system  has  been  analyzed  end  tested  in  connection 
with  several  facility  hardening  and  evaluation  programs.  The  object  of  these  programs  has 
always  been  to  protect  the  consumer  facility  from  the  effects  of  EMP  on  the  power  system, 
however,  rather  than  to  protect  the  power  system  from  the  EMP.  In  most  such  assessments, 
the  commercial  power  system  is  considered  expendable  In  the  event  of  nuclear  warfare;  the 
primary  concern  it  that  EMP  transients  conducted  Into  the  facility  on  the  power  conductors 
do  not  cause  vital  equipment  in  the  facility  to  malfunction.  Such  a hardening  philosophy  is 
the  only  prudent  one  to  profess  for  critical  communication  and  weapon  systems  that  mutt 
function  during  or  immediately  after  a nuclear  engagement.  For  surface  or  air  bursts  of  nu- 
clear weapons,  the  blast  and  thermal  damage  wlil  undoubtedly  incapacitate  power  transmis- 
sion and  distribution  equipment  within  a few  kilometers  of  the  burst.3 

Weapons  detonated  at  high  altitudes  do  not  produce  significant  blast  and  thermal 
effects  at  the  surface,  however.  Their  principal  effect  at  the  surface  will  be  the  EMP,  which 
will  be  experienced  over  a large  area  (hundreds  of  kilometers)  under  the  burst.  Thus,  while 
it  will  remain  prudent  for  the  designer  of  critical  facilities  to  consider  the  commercial  power 
system  expendable,  it  may  also  be  prudent  to  consider  making  the  power  system  invulnerable 
to  the  EMP  from  a high-altitude  weapon  detonation  - particularly  If  such  hardening  can  be 
achieved  in  the  course  of  providing  protection  from  lightning  and  switching  transients. 

As  has  already  been  stated,  there  are  Insufficient  data  on  the  behavior  of  generation 
and  transmission  equipment  to  prescribe  specific  protection  measures.*  For  this  reason,  the 
protective  measures  described  in  this  chapter  are  separated  into  two  categories:  measures 
that  protect  the  consumer  from  transients  conducted  Into  his  facility  on  the  power  lines, 
and  some  rather  general  measures  for  protecting  the  electric  utility  system  from  the  effects 
of  the  EMP. 


‘Studies  «rs  currently  In  progress  under  th*  amplest  of  tht  Dafanta  Civil  Prapartdneti  Agency.  Data  from 
that*  studies  may  help  to  fill  the  present  void. 
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7.2  PROTECTION  FROM  THE  POWER  SYSTEM 


7.2.1  EMP  PROTECTION  OF  THE  CONSUMER 

From  the  consumer's  EMP-protection  wiowpo.nt,  the  power  system  is  a large  collec- 
tor of  the  EMP  that  penetrates  his  facility.  The  objective  of  consumer  EMP-protectlon  is, 
therefore,  to  eliminate  the  EMP-induced  transients  on  the  power  conductors  before  they 
reach  sensitive  components  In  the  facility.  Inasmuch  at  the  open-circuit  voltage  Induced  on 
distribution  lines  may  be  of  the  order  of  megavolts,  while  some  electronic  circuits  may  be 
upset  or  damaged  by  volts,  I;  clear  that  some  kind  of  protective  measures  will  almost  al- 
ways be  required  for  an  electronic  system  that  is  to  survive  Bnd  operate  immediately  after 
the  EMP. 

As  is  evident  from  Chapters  Two,  Three,  and  Four,  some  of  this  protection  will  come 
from  the  power  system  Itself.  If  the  distribution  transformers  or  potheads  are  protected  with 
lightning  arresters,  the  voltage  delivered  by  the  secondary  of  the  transformer  will  be  reduced 
to  tens  of  kilovolts.  Mismatches  at  the  service  entry  also  reduce  the  voltage  that  enters  the 
low-voltage  wiring,  and  the  stray  inductance  of  wiring  in  metering  boxes  and  circuit -breaker 
panelB  slows  the  rise  time  of  the  transient.  Thus,  for  facilities  served  by  their  own  lightning- 
protected  distribution  transformers,  the  transient  delivered  to  the  main  circuit  breaker  may 
have  a rise  time  of  30  to  100  ns  and  a peak  voltage  of  10  to  50  kV.  The  task  for  the  facility 
designer  is  then  to  suppress  this  remaining  EMP-Induced  transient  and  provide  a standby 
power  source  to  carry  the  load  If  the  commercial  power  source  fails, 


7.2.2  VOLTAGE  LIMITERS  AND  FILTERS 

The  residual  10  to  50  kV  of  EMP-induced  signal  can  be  adequately  suppressed 
with  a combination  of  voltage  limiters  and  filters,  Secondary  lightning  arresters  that  fire  at 
voltages  of  1 to  5 kV  are  available  commercially  for  use  on  low-voltage  circuits,  The  second 
ary  arresters  contain  spark  gaps  and  nonlinear  resistances  similar  to  the  distribution  type 
arresters,  but  they  fire  and  extinguish  at  lower  voltages,  The  arresters  serve  two  purposes: 
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they  prevent  insulation  breakdown  in  the  low-voltage  circuits  (including  the  power-line  fil- 
ters) and  they  limit  the  low-frequency  (late-time)  content  of  the  transient  propagating  be- 
yond the  arresters.  Line  filters  suitable  for  use  on  circuits  carrying  up  to  100  kVA  are  also 
available  commercially,  These  filters  are  usually  low-pass  rr-sections  containing  a series  in- 
ductance with  shunt  capacitors  across  the  input  and  output  terminals.  These  filters  usually 
have  some  specified  minimum  attenuation  (e.g.,  100  dB)  at  frequencies  above  a corner  fre- 
quency such  as  100  kHz  so  that  they  suppress  the  high  frequencies  passed  by  the  light- 
ning arresters. 

The  placement  of  the  secondary  arresters  and  line  filters  will  be  determined  to  a 
large  extent  by  the  nature  of  the  facility.  Two  possible  applications  are  suggested  in  Figure 
7-1 . In  Figure  7-1  (a),  a portion  of  the  raw  power  is  used  for  station-keeping  equipment  that 
is  either  expendable  or  insensitive  to  transients.  Only  the  portion  that  is  essential  for  sensi- 
tive and  essential  equipment  Is  filtered,  but  all  of  the  low-voltage  circuits  are  protected  by 
the  voltage-limiting  action  of  the  secondary  lightning  arresters  installed  on  the  incoming  con- 
ductors at  the  main  circuit-breaker  panel,  since  Insulation  damage  must  be  provided  even 
for  the  parts  of  the  system  that  are  not  susceptible  to  transients.  In  Figure  7-1  (b),  all  the 
Incoming  power  is  filtered  upon  entering  the  facility,  A standby  generator  to  provide  power 
in  the  event  of  commercial  power  failure  is  also  shown  In  Figure  1 -7(b).  Some  or  all  of  the 
external  equipment  shown  in  Figure  7-1  (b)  may  be  enclosed  in  the  entry  vault  along  with 
the  line  filters  In  some  Installations. 


7.2.3  SELECTION  AND  INSTALLATION  OF  SURGE  ARRESTERS 

The  secondary  lightning  arresters  used  for  limiting  transient  voltBge  on  the  low- 
voltage  wiring  should  be  reliable,  maintenance-free  units  designed  for  use  on  60-Hz  power 
circuits.  Such  components  are  commercially  available  and  relatively  Inexpensive.  They  are 
designed  to  fire  at  voltages  5 to  10  times  the  peak  60-Hz  voltege  and  will  extinguish  with 
the  rated  60-Hz  voltage  applied.  The  latter  property  is  important;  surge  arresters  that  con- 
duct appreciable  60-Hz  follow-on  current  tend  to  be  short-lived  because  of  the  excessive 
electrode  erosion  and  deformation  caused  by  the  follow-on  current  (failure  then  often  occurs 
as  a destructive  short-circuit).  In  addition,  the  transient  caused  by  the  follow-on  current 
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flowing  through  surge  arresters  may  be  almost  as  objectionable  as  the  original  surge  that 
triggered  the  arrester.  The  secondary  lightning  arresters  should  be  essentially  trouble-free 
for  the  life  of  the  installation  (unless  a direct  lightning  strike  to  the  low-voltage  system 
is  incurred). 

The  minimum  firing  voltage  of  secondary  lightning  arresters  is  determined  by  the  60- 
Hz  voltage  of  the  circuit  being  protected.  Thus,  for  a 120-volt  circuit  the  firing  voltage  of 
the  secondary  lightning  arrester  is  usually  at  least  1000  V.  The  tlme-to-flre  and  the  rate  of 
rise  of  the  current  through  the  arrestor  are  somewhat  more  variable  In  that  they  depend  on 
the  construction  of  the  surge  arrester  and  the  wiring  through  which  It  Is  connected  to  the 
power  conductor  and  ground.  Adequate  protection  is  usually  obtained  If  the  tlme-to-flre  Is 
less  than  20  ns  at  twice  the  rated  firing  voltage  of  the  arrester  and  If  the  effective  time  con- 
stant for  the  current  buildup  is  50  ns  or  less. 

The  time-to-fire  is  a property  of  the  lightning  arrester  that  can  be  determined  exper- 
imentally by  applying  a fast-rising  voltage  step  across  the  arrester  and  observing  the  time  lag 
before  conduction  begins.  However,  the  time  constant  for  current  buildup  depends  mainly 
on  external-circuit  properties,  although  the  Internal  construction  of  the  lightning  arrester 
may  also  be  a factor.  For  example,  if  the  lightning  arrester  has  an  effective  internal  Induc- 
tance of  60  nH  and  is  connected  to  a long  entrance  conductor,  whose  characteristic  Impe- 
dance is  20  ohms,  through  30  Inches  of  lead  (with  10  nH/Inch),  the  current  rise  time  constant 
Is  determined  by  the  360  nH  of  inductance  end  the  20-ohm  source: 


L_  360  nH 

R 20  SI 


18  ns  . 


(7-1) 


Only  the  60-nH  internal  inductance  is  attributable  to  the  lightning  arrester:  the  controlling 
resistance  and  external  inductance  are  properties  o(  the  external  circuits.  It  is  evident,  there- 
fore, that  the  method  of  installing  a secondary  lightning  arrester  has  u strong  influence  on 
Its  ability  to  dissipate  short  transients  of  current,  A typical  installation  of  secondary  liyht- 
ning  arresters  at  the  main  circuit  breaker  panel  is  illustrated  in  Figure  7-2. 
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Figure  7-2  ILLUSTRATION  OF  SECONDARY  LIGHTNING  ARRESTERS  AT  THE  MAIN 
CIRCUIT-BREAKER  CABINET 


The  following  guidelines  are  provided  for  the  installation  of  secondary  lightning 
arresters  for  EMP  protection: 

• Use  short  leads.  The  leads  that  connect  the  lightning  arrester  to  the  power  con- 
ductor and  to  the  ground  should  be  as  short  as  possible  to  minimize  the  external 
inductance  in  series  with  the  arrester.  This  is  particularly  Important  for  low 
source-impedance  Installations  such  as  the  main  bus  shown  in  Figure  7-1  (a)  where 
the  lightning  arrester  is  fed  by  many  conduit  conductors  In  parallel, 

• Use  external  ground.  The  ground  side  of  the  lightning  arrester  should  he  connected 
to  a ground  point  ouulde  the  shielded  area  {preferably  to  the  circuit-breaker  cab- 
inet or  service-entrance  conduit).  The  surge-arrester  discharge  current  should 

never  be  allowed  to  flow  directly  into  the  internal  ground  point  used  for  sensitive 
electronics  equipment  inside  the  shielded  c.rsa, 

• Install  arresters  on  all  phase  conductors.  Arresters  should  be  Installed  between 
each  phase  conductor  and  local  ground.  If  the  neutral  c*  single-phase  common 
are  grounded  (to  the  conduit  or  cabinet)  in  the  main  cIrcult-breBker  cabinet,  they 
will  not  need  secondary  lightning  arresters.  If  the  neutral  or  common  ground- 
point  Is  quite  remote  from  the  main  circuit-breaker  panel,  or  If  the  ground  con- 
ductor is  directly  exposed  to  the  EMP,  secondary  lightning  arresters  should  be 
installed  between  these  conductors  and  the  cabinet  or  conduit  in  the  main  circuit- 
breaker  cabinet. 

• Follow  lightning  arresters  with  filters.  Power  supplied  to  sensitive  electronic  sys- 
tems should  always  be  filtered  between  the  lightning  arresters  and  the  sensitive 
equipment,  The  lightning  arrester  only  limits  the  transient  voltage;  it  does  not 
eliminate  transients  on  the  power  conductors  (sometimes  the  rates  of  change  of 
the  voltage  or  current  are  actually  increased  by  the  lightning  arrester).  Low-pass 
filters  (either  in  the  power  system  or  in  the  equipment)  are  requited  to  protect  the 
equipment  from  the  transient  passed  by  the  lightning  arresters. 


The  discharge-current  requirements  for  the  secondary  lightning  arresters  are  also 
determined  by  the  external  circuit.  For  times  less  than  the  round-trip  propagation  time  on 
the  service-entrance  conduit  or  cable,  the  current  through  the  surge  arrester  is  limited  by 
the  characteristic  impedance  of  the  conductor.  Thus,  for  example,  a 20-kV  (open-circuit) 
transient  entering  on  a 20-ohm  conductor  can  deliver  only  1000  A to  a short-  circuit  until  the 
discharge-current  wave  has  propagated  to  the  opposite  end  of  the  conductor  and  back  to  the 
discharge  point.  At  later  times,  the  discharge  current  will  depend  on  the  source  impedance 
at  the  opposite  end  of  the  entrance  conductor,  This  impedance  Is  often  tens  or  hundreds  of 
ohms  on  phase  conductors,  however,  so  that  peak  surge-arrester  currents  seldom  exceed  the 
value  obtained  by  dividing  the  open-circuit  voltage  by  the  characteristic  impedance  of  the 
entrance  conductor  (see  Chapter  Three  for  more  exact  techniques  for  determining  the  short- 
circuit  current  at  the  end  of  the  service  entrance). 

Since  the  duration  of  the  high-level  transient  passed  by  the  distribution  transformers 
is  usually  less  than  1 ps,  the  total  charge  transferred  through  the  surge  arroster  by  an  EMP- 
Induced  transient  with  a peak  open-circuit  voltage  of  tens  of  kilovolts  is  only  tens  of  milli  - 
coulombs.  The  current  and  charge  transfer  ratings  required  of  secondary  lightning  arresters 
for  EMP  protection  are  thus  lower  than  those  required  for  lightning  protection,  for  which 
longer  pulses  of  similar  magnitudes  are  usually  specified, 


7.2.4  SELECTION  AND  INSTALLATION  OF  LINE  FILTERS 

As  has  been  discussed  in  the  proceeding  sections,  secondary  lightning  arresters  can  be 
used  to  limit  the  peak  transient  voltage  to  a few  kilovolts  so  that  insulation  breakdown  and 
flashover  in  the  low-voltage  wiring  is  limited.  Transient  voltages  of  a lew  kilovolts  are  per  - 
mitted to  propagate  along  the  conductors  beyond  the  lightning  arresters,  however,  and  last 
acting  lightning  arresters  can  cause  fast-changing  voltage  and  current  transients  in  these  cir- 
cuits. The  purpose  of  power-line  filters  is  to  remove  these  fast -changing  components  of 
the  transient  that  remains  after  the  lightning  arresters  have  acted.  Commercially  available 
line  filters  are  typically  low-pass  rr -section  filters  with  a largo  insertion  loss  at  frequencies 
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well  above  the  60-Hz  or  400-Hz  power  frequency,  but  fairly  low-loss  at  the  power  frequen- 
cies, These  filters  can  thus  greatly  suppress  the  large  rates  of  change  in  current  and  voltage 
conducted  past  the  lightning  arresters. 

Power-line  filters  should,  like  the  secondary  lightning  arresters,  be  reliable  and  main- 
tenance-froe  for  the  life  of  the  installation  except  In  extenuating  circumstances  such  as  a 
direct  lightning  strike  to  the  low-voltage  conductors  or  a short-circuit  in  the  filtered  circuit 
that  is  not  cleared  by  circuit  breakers  or  fuses.  Most  filters  will  tolerate  sufficient  temporary 
overcurrents  that  faults  on  properly  protected  circuits  will  not  damage  the  filters.  Thus,  for 
example,  a 100- A line  filter  on  a circuit  protected  by  a 100-A  fuse  or  circuit  breaker  should 
not  be  damaged  by  the  fault  current  required  to  blow  the  fuse  or  open  the  circuit  breaker. 

The  primary  factors,  other  than  line  voltage  and  current  ratings,  that  Influence  the 
choice  of  line  filters  for  EMP  protection  are  the  high-frequency  attenuation  and  the  insula- 
tion breakdown  or  flashover  characteristics  of  the  input  terminals.  The  filter  must  be  able 
to  tolerate  the  peak  voltage,  rate-of-change  of  voltage,  and  rate-of -change  of  current  passed 
by  the  secondary  lightning  arresters,  rr-section  filters  with  shunt  capacitors  can  usually  tol- 
erate large  transients  of  short  duration  since  the  input  capacitance  of  the  filter  can  absorb 
the  transient  charges  without  large  voltage  changes.  Their  ability  to  do  so,  however,  depends 
on  the  quality  and  size  of  the  input  capacitor.  Very  large  capacitors  that  could,  in  principle, 
absorb  large  currents  without  big  voltage  changes,  may,  in  fact,  behave  as  Inductors  at  high 
frequencies.  Therefore,  for  EMP  applications  In  which  large  amplitude,  short-duration  volt- 
age transients  may  be  delivered  to  the  filter,  the  filter  input  characteristics  must  be  care- 
fully examined. 

It  is  recommended  that  power -line  filters  for  facility  power  applications  such  as 
those  illustrated  in  Figure  7-1  be  tested  with  a short,  high-voltage  impulse  to  determine 
that  the  input  capacitance  and  insulation  will  withstand  the  fast,  high-voltage  transients 
passed  by  the  secondary  lightning  arresters.  A suggested  test  circuit  and  impulse  waveform 
are  shown  in  Figures  7-3(a)  and  (b)  for  filters  expected  to  operate  on  60-Hz  voltages  of 
480  V or  less.  Note  that  the  voltage  waveform  in  Figure  7-3(b)  Is  the  open-circuit  voltage 
behind  the  25-ohm  source  impedance.  Thus  If  the  input  capacitance  of  the  filter  Is  1 pF, 
the  test  pulse  will  increase  the  filter  terminal  voltage  to  only  about  100  V.  If  the  input 
capacitor  behaves  as  in  inductance  at  early  times,  however,  the  terminal  voltage  may  rise  to 
several  kV  and  pb-mit  the  terminals  to  flesh  over  or  cause  tho  capacitor  dielectric  to  break- 


down.  Because  a dielectric  breakdown  in  the  input  capacitor  would  be  a catastrophic  fail- 
ure of  the  filter,  it  is  recommended  that  the  filter  be  tested  with  a fused  60-Hz  source  of 
rated  voltage  applied  to  the  output  terminals  so  that  insulation  failure  resulting  in  60-Hz 
follow-on  current  can  be  detected.  A suggested  pulser  for  generating  the  test  pulse  is  shown 
in  Figure  7 -3(c). 

The  high-frequency  attenuation  of  power-line  filters  is  specified  in  terms  of  the 
Insertion  loss  when  the  filter  is  placed  in  a 50-ohm  circuit.  The  tests  for  measuring  the  Inser- 
tion loss  prescribed  by  MIL-STD-220-A  are  widely  used  in  the  manufacturing  industry  for 
specifying  and  evaluating  line  Miters.  The  rudiments  of  this  test  are  Illustrated  In  Figure  7-4, 
where  it  is  seen  that  the  current  through  a 50-ohm  load  on  a 50-ohm  source  is  measured 
before  and  after  the  filter  is  Inserted  between  the  source  and  the  load.  The  ratio  of  the  unfil- 
tered load  current  to  the  filtered  load  current  (usually  gxpressed  in  decibels)  is  the  insertion 
loss  of  the  filter.  Insertion  losses  of  80  to  100  dB  at  frequencies  above  100  kHz  are  common 
for  commercially  available  line  filters,  it  Is  widely  recognized  that  the  Insertion  loss  measured 
in  a 50-ohm  circuit  is  not  readily  applicable  to  any  other  circuit  impedance  levels  unless 
additional  Information  on  the  filter  is  available.  For  high-current,  60-Hz,  tr-sectlon  power- 
line filters,  however,  the  series  Inductance  must  bo  small  (millihenries  or  less),  to  minimize 
the  insertion  loss  at  the  power  frequency,  which  Implies  that  the  shunt  capacitors  must  be 
large  (**  1 pF).  In  addition,  many  of  the  conduit-and-conductor  transmission  lines  used  in 
electrical  wiring  have  characteristic  Impedances  within  a factor  of  2 of  50  ohms,  so  that  for 
many  of  the  fast  transients  associated  with  the  EMP,  the  50-ohm  impedance  level  Is  an 
appropriate  mean  value.  Thus,  for  power-line  filters,  one  can  Infer  some  of  the  properties 
of  the  filter,  and  it  can  be  deduced  that  the  attenuation  with  the  50-ohm  impedance  level  is 
a reasonable  approximation  of  the  attenuation  to  be  expected  for  the  very  rapidly  varying 
components  of  the  EMP  induced  transients. 

For  EMP-protection  of  a shielded  facility,  filters  should  be  installed  on  the  neutral 
(or  common)  as  well  as  on  all  phase  conductors  entering  the  shielded  area.  The  ground  sides 
of  the  filters  should  be  connected  to  the  outer  surface  of  the  shield  - preferably  by  bolting 
the  filter  case  directly  to  the  shield.  Only  the  output  terminal  of  the  filter  should  be  per- 
mitted to  enter  the  shielded  area.  A common  practice  is  to  install  the  filters  In  a closed  metal 
vault  attached  to  the  shield  as  illustrated  in  Figure  7-5  so  that  exposed  wiring  and  filter  in- 
put terminals  are  shielded  from  the  external  environment. 
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Figure  7-3  IMPULSE  TEST  FOR  EVALUATING  POWER-LINE  FILTERS  FOR  EMP 
APPLICATIONS 
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Figurs  7-4  DETERMINATION  OF  THE  INSERTION  LOSS  OF  A LINE  FILTER 


7.2.5  AUXILIARY  POWER  SYSTEMS 

7.2.5. 1 Function  of  Auxiliary  Power  Systems 

Installations  requiring  continuous  and  reliable  power  are  usually  operated 
from  commercial  power  and  provided  with  standby  sources  to  provide  power  In  the  event  of 
commercial  power  outage.  Such  systems  are  used  In  critical  facilities  such  as  hospitals,  com- 
munication centers  (civil  and  military),  strategic  military  systems,  power  stations,  and  computer 
centers,  and  in  similar  facilities  where  power  failure  would  cause  loss  of  life,  critical  operat- 
ing capability,  or  essential  data.  In  many  instaliations,  even  momentary  loss  of  power  or 
transients  in  the  power  system  are  intolerable.  For  example,  computer  centers  and  electron- 
ically controlled  communication  centers  may  lose  stored  data  during  a power  outage  or  be 
upset  by  transients.  Therefore  the  auxiliary  power  systems  are  usually  designed  to  protect 
the  facility  from  Interference  (lightning  and  switching  transients)  conducted  in  on  the  power 
lines  as  well  as  to  provide  stable  and  continuous  electric  power, 

Auxiliary  power  systems  for  these  applications  usually  consist  of  a combina- 
tion of  storage  batteries  and  one  or  more  engine-generators,  The  storage  batteries  Bre  kept  fully 
charged  from  the  commercial  power,  so  that  when  an  outage  occurs  they  can  supply  the 
facility  operating  power  for  a brief  period  (from  a few  minutes  to  a few  hours).  If  the  com- 
mercial power  outage  lasts  longer  than  a few  minutes,  the  engine-generator  Is  started  (usually 
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automatically)  and  the  facility  load  is  transferred  from  the  commercial  power  service  to  the 
engine-generator,  The  engine-generators  can  supply  power  for  days,  or  weeks,  if  necessary. 

A schematic  diagram  of  an  "uninterruptible  power  system"  is  shown  in  Figure 
7-6.  The  60-Hz  commercial  power  may  be  used  directly  for  certain  station-keeping  functions 
such  as  outdoor  lighting,  and  operating  pumps,  air  conditioners,  etc,  The  "uninterruptible" 
rectified  power  may  also  be  used  directly  as  the  dc  source  for  operating  electronic  equip- 
ment. "Clean"  60  Hz  power  for  sensitive  equipment  is  obtained  from  a motor- generator 
driven  by  the  dc  supply.  In  the  event  of  commercial  power  failure,  the  storage  batteries  con- 
tinue to  supply  dc  power  and  drive  the  motor-generator  to  provide  60-Hz  power  while  the 
engine  generator  is  being  started  and  brought  up  to  speed.  A properly  designed  power  system 
of  this  type  can  provide  a high  degree  of  immunity  to  power  outages  and  line  transients  for 
the  system  operated  from  the  dc  or  "clean"  60-Hz  power, 


7.2.B.2  The  Automatic  Transfer  Switch 

A key  component  bf  an  auxiliary  power  system  is  the  automatic  transfer 
switch.  The  function  of  an  automatic  transfer  switch  is  to  transfer  a load  from  the  normal 
(or  preferred)  power  source  to  an  emergency  supply  if  normal  voltage  fails  or  is  substantially 
reduced.  Once  the  normal  source  is  again  in  proper  operating  condition,  the  transfer  switch 
should  automatically  restore  the  load  to  its  original  feeder  lines,  regardless  of  the  condition  of 
the  emergency  supply.  A schematic  of  the  automatic  transfer  switch  is  shown  in  Figure  7-7. 
This  model  is  designed  to  provide  full  protection  in  60-Hz,  three-phase,  3-wire  or  three- 
phase,  4-wire  solid  neutral  power  services. 

A properly  designed  transfer  switch  should  be  rugged,  dependable,  and 
rated  for  continuous  duty,  since  failure  of  the  unit  might  well  create  the  hazard  it  is  intended 
to  eliminate  — complete  service  outage.  For  similar  reasons,  it  is  des;rable  that  the  switch 
operate  from  the  power  source  that  is  to  be  connected.  Also,  failure  of  a relay  coil  or  control 
circuit  in  the  transfer  switch  should  not  leave  both  normal  and  emergency  contacts  in  the 
open  position, 


It  is  also  necessary  to  provide  suitable  time  lags  in  the  switch’s  operation  to 
allow  for  generator  starting  and  warm  up,  and  for  the  return  of  stable  normal  power  or  the 


311 


SHIELD  WALL 
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Figure  7-B  ILLUSTRATION  OF  f'OWER-LINE  FILTERS  IN  AN  ENTRY  VAULT 
ON  WALL  OF  SHIELDED  STRUCTURE 


shut-down  of  an  emergency  power  source  after  a return  to  normal  power.  Time  delays 
should  be  used  to  prevent  unnecessary  transfers  duo  to  momentary  dips  or  transient  outages. 
Switching,  once  initiated,  should  be  fast  (less  than  10  cycles)  to  reduce  contact  burning  and 


312 


Flour.  7-6  SCHEMATIC  OF  A SIMPLIFIED  "UNINTERRUPTIBLE  POWER  SYSTEM"  (UPS) 


pitting  during  make  and  break  operations.  Other  useful  attributes  of  an  automatic  transfer  switch 
Include  minimum  maintenance,  quiet  normal  operation,  and  minimum  spice  requirements. 

Because  the  automatic  transfer  switch  must  be  located  in  the  main  or  second- 
ary branch  circuits,  the  switch  and  its  component  parts  may  be  subjected  to  the  full  magnitude 
of  any  EMP-Induced  voltages  and  currents  coupled  through  the  service  transformer  bank  and 
service-entrance  conduit  to  the  main  circuit-breaker  panel.  Therefore,  the  transfer  switch 
must  be  resistant  to  the  EMP-induced  transients  coming  In  on  the  power  conductors.  Trans- 
fer switches  that  contain  only  electromechanical  relays  for  sensing  and  logic  functions  are 
usually  relatively  immune  to  EMP-induced  transients  that  do  not  exceed  thp  Insulation 
strength  of  the  switch  components.  However,  there  Is  a tendency  to  use  solid-state  elec- 
tronic circuits  for  sensing  and  for  providing  time  delays  in  modern  transfer  switches.  Such 
components  ore  much  more  susceptible  to  failure  induced  by  the  EMP  transients.  Therefore 
the  transfer  switch  Itself  must  be  protected  from  transients  on  the  commercial  power  system 
by  voltage  limiting  and  filtering  if  the  switch  is  to  function  during  or  after  an  EMP  environment. 
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Anuria  Milan 


NOTES 


1 SWITCH  WIRED  ON  FRONT  OF  FANCL  ANO  SHOWN  DC -ENERGIZED  WITH  EMERGENCY  POLLS 

SHOWN  CLOSED. 

2 DEVICE  SYMDOl.5  AND  DESIGNATIONS  ARE  PtH  NF:MA  PUB.  I,  #ICS  1-101-1970 

3,  * INDICATES  OVER  LAPPINO  CONTACTS 

4,  TDC  INDICATES  TIME  DELAY  ON  CLOSING;  TDD  INDICATES  TIME  DELAY  ON  OPENING. 

ft.  NOMINAL  3 SECOND  TIME  DELAY  TO  OVERRIDE  MOMENTARY  POWER  DIPS  AND  OUTAGES 
(INVERSE  TIME  CHARACT LRIST  1C  WITH  VOLTAGE,)  TR1 
6 LO  RELAY.  SENSITIVE  TO  VOLTAGE  AND  FREQUENCY. 

7.  CLOSE  DIFFERENTIAL  RELAY  PROTECTION  ON  ALL  PHASES  PROVIDED  BY  THE  SE  RELAY, 
UVI  AND  UV2,  THE  SE  RELAY  ALSO  PUNCTIONS  AS  THE  TRANSFEH  CONTROL  RELAY 
a.  TR2  — AN  ADJUSTABLE  TIME  DELAY  ON  RETRANSFER  TO  NORMAL. 

B.  TR3  AN  ADJUSTABLE  TIME  DELAY  ON  TRANSFER  TO  EMERGENCY. 

10.  TR4  • - AN  AOJUSTABI  L TIME  DELAY  ON  ENlilNE  STARTING, 


Figuri  7-7  CIRCUIT  DIAGRAM  OF  AN  AUTOMATIC  TRANSFER  SWITCH 
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7.3  PROTECTION  OF  THE  POWER  SYSTEM 


As  was  indicated  in  the  beginning  of  this  chapter,  the  tolerance  of  the  power  system 
to  the  effects  of  the  EMP  are  largely  unknown.  It  is  suspected  that  transmission  and  distri- 
bution lines  that  are  adequately  protected  against  lightning  will  be  relatively  immune  to  the 
effects  of  the  EMP.4,  6 Similar  immunity  is  suspected  in  the  case  of  transformers  and  elec- 
tromechanical switch  gear  Installed  In  accordance  with  modern  lightning-protection  practice. 
The  principal  uncertainty  In  these  components  is  the  ability  of  the  solid  dielectric  to  with- 
stand the  large  EMP-induced  voltages  that  might  be  developed  before  the  lightning  arresters 
fire.  Insufficient  testing  has  been  conducted  to  provide  assurance  that  the  solid  Insulation  Is 
adequately  protected  by  conventional  lightning  arresters,  although  the  results  to  date  suggest 
that  conventional  protection  may  be  adequate.  For  the  present,  therefore,  the  primary  EMP- 
protection  policy  for  the  transmission  and  distribution  lines,  transformers,  and  switchgear  is 
an  effective  lightning-protection  policy,6'  1 For  utilities  In  areas  of  high  lightning  incidence, 
lightning  protection  is  probably  already  practiced;  utilities  In  areas  of  low  lightning  incidence 
may  need  to  upgrade  their  lightning-protection  systems  to  reduce  vulnerability  to  the  EMP. 

Because  very  little  Is  known  about  the  vulnerability  of  many  crucial  parts  of  the  power 
system,  however,  only  the  most  general  recommendations  can  be  made.  Modern  supervisory  con- 
trol systems,  turbine  control  systems,  and  relaying  equipment,  for  example,  use  solid-state 
electronic  components  in  varying  degrees.  It  Is  strongly  suspected  that  some  or  all  of  this 
equipment  may  be  susceptible  to  damage  from  the  EMP-induced  transients,  but  no  data  on 
the  nature  or  levels  of  susceptibility  are  available. 

The  utilities  can,  without  expensive  EMP  testing,  make  a crude  assessment  of  the  vul- 
nerability of  their  equipment  by  observing  the  types  of  equipment  that  fail  and  the  nature 
of  the  failures  In  an  environment  of  transient  activity  such  as  that  accompanying  thunder- 
storm activity  or  fault-clearing  operations.  Components  that  malfunction  or  are  damaged 
in  these  environments  may  also  be  susceptible  to  the  EMP  transients.  An  occasional  mal- 
function under  severe  lightning  or  fault  conditions  may  be  tolerable  in  one  part  of  the  system, 
but  In  the  EMP  environment,  the  entire  utility  system  and  most  of  Its  neighboring  utilities 
may  be  exposed  to  the  high  level  fast  transient  excitation.  Thus,  if  a component  is  vulnerable, 
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all  such  components  in  the  power  network  may  malfunction  simultaneously  to  cause  a dis- 
astrous disruption  of  the  system.  Therefore  in  assessing  the  vulnerability  of  the  system  to 
the  EMP,  even  rare  malfunctions  associated  with  severe  transient  activity  may  be  significant. 

Based  on  prosent  understanding  of  the  characteristics  of  high-  voltage  components 
and  fast -pulse  technology,  it  is  assumed  that  the  high-voltage  components  of  the  transmis- 
sion and  distribution  systems  are  probably  the  least  vulnerable  to  the  transients  induced  by 
the  EMP  - particularly  If  good  lightning-protection  practice  is  employed.  Low-voltage  con- 
trol circuits  - particularly  those  with  sensors  {current  or  potential  transformers)  on  trans- 
mission leads  and  those  containing  solid-state  electronics  - appear  to  be  the  most  vulnerable 
to  the  EMP.  Low-voltage  circuits  connected  to  instrument  transformers  are  particularly 
suspect  because  the  fast  rise-time  of  the  EMP-Induced  transient  will  be  coupled  through 
these  transformers  much  more  efficiently  than  the  slower  lightning  and  switching  transients, 

Improvements  In  the  EMP  protection  of  these  low-voltage  circuits  can  be  achieved  by 
following  the  principles  used  to  protect  sensitive  equipment  from  transients  conducted  In  on 
power  leads,1,  2i  8 For  systems  already  in  existence,  the  basic  hardening  techniques  are: 

(1 ) Making  maximum  use  of  existing  shielding  afforded  by  cabinets  and  housings 
through  operating  and  maintenance  procedures, 

(2)  Installing  voltage-limiting  surge  arresters  on  conductors  that  penetrate  these 
shields, 

(3)  Installing  low-pass  line  filters  on  low-voltage  conductors  penetrating  these 
shields. 

(4)  Modifying  operating  characteristics  of  logic  systems  so  that  lockouts  or  lockups 
cannot  be  triggered  by  a single,  wide-spread  event, 

For  new  systems  and  components,  considerable  EMP  immunity  can  be  Incorporated 
In  the  design  by  taking  precautions  to  ensure  thet  housings,  cabinets,  etc,  are  designed  for 
shielding  Integrity  as  well  as  mechanical  protection,  etc.  In  addition,  surge  filters  and  surge 
limiters  can  often  be  incorporated  Into  new  designs  at  little  additional  cost.  Power-system 
components  have  the  advantage,  from  the  EMP-hardenlng  point  of  view,  that  they  must  be 
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inherently  immuno  to  lightning  and  switching  transients.  Hence,  the  additional  protection 
required  to  reduce  their  vulnerability  to  the  EMP-induced  transients  may  be  quite  minimal. 
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Chapter  Eight 


TESTS  OF  COMPONENTS 
AND  FACILITIES 


8.1  INTRODUCTION 

The  tests  of  power-iyitem  component*  and  coniumer  facility  and  comumer  com- 
ponent sensitivity  to  EMP-induced  transients  on  the  power  system  can  be  divided  Into  three 
categories: 

(1)  Standard  tests  - established  by  the  IEEE  and  the  American  Standards  Asso- 
ciation and  designed  to  determine  transmission-system  component  insulavon 
levels  and  tolerance  to  lightning  and  switching  transients. 

(2)  Component  tests  - with  simulated  EMP  to  determine  the  tolerance  and  trans- 
fer characteristics  of  power  system  and  consumer  components  or  Items  of 
equipment. 
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(3)  Facility  tests  - with  simulated  EMP  transients  injected  at  the  service  entrance 
to  evaluate  the  tolerance  of  the  facility  wiring  and  components  for  the  EMP- 
induced  transients  on  the  distribution  system  and  to  determine  the  excitation 
of  internal  equipment, 

A fourth  category  of  test  could  be  postulated  to  determine  the  response  of  the  power 
transmission  and  distribution  network  to  the  EMP.  At  present,  however,  no  practical  method 
of  performing  such  a test  has  been  proposed.  Until  such  a method  Is  developed,  therefore, 
power  network  response  mutt  be  assessed  by  a combination  of  direct-injection  teBts  at  the 
"nodes"  (consumer  facilities,  switching  centers,  substations,  etc,)  and  network  stability 
analysis.  It  is  quite  likely  that  network  assessment  will  never  progress  beyond  this  state 
because  of  the  very  serious  technical  and  political  problems  associated  with  wide-area 
illumination  of  a power  transmission  network.  In  any  event,  much  work  remains  to  be  done 
at  the  node  and  network  analysis  level  before  the  implications  of  EMP  Interaction  with 
power  networks  can  be  evaluated. 

Tests  of  equipment  and  facilities  are  usually  required  to  (1 ) determine  the  coupling 
between  the  Incident  EMP  and  a component  or  subsystem,  (2)  evaluate  the  sensitivity  of 
the  equipment  to  the  coupled  signal  (i.e.,  threshold  for  damage  or  upset),  and  (3)  assess  the 
effectiveness  of  designs  for  reducing  vulnerability  to  the  EMP.  The  complexity  of  EMP  tests 
varies  from  fairly  simple  laboratory  tests  of  components  to  very  complex  tests  of  entire 
facilities.  The  nature  of  the  test  requirements  Is  also  Influenced  by  the  state  of  evolution  of 
the  system.  Existing  facilities  that  are  to  be  upgraded  usually  require  all  forms  of  lotting 
listed  above,  while  new  systems  designed  to  be  immune  to  the  EMP  may  require  primarily 
the  design-effectiveness  tests, 

Experimental  determination  of  the  EMP  tolerance  and  throughput  is  the  only  reliable 
means  of  obtaining  these  characteristics  of  most  electrical  systems  because  the  broadband 
and  nonlinear  properties  of  most  components  are  not  well  known,  To  illustrate  this, 
consider  a typical  electric  appliance  designed  to  operate  on  120  V,  single-phase,  60  Hz, 

Its  functional  characteristics  at  120  V,  60  Hz  are  usually  well  understood,  but  whBt  can  be 
said  of  its  electrical  properties  at  frequencies  between  100  kHz  and  50  MHz,  and  what  will 
happen  to  the  applicance  if  it  is  subjected  to  a 5-kV  common-mode  voltage  transient  on 
the  power  conductors?  The  nameplate  data  offer  little  help  in  answering  these  questions, 
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and  often  even  the  design  data  are  of  little  value  in  evaluating  the  high-frequency  and  high- 
voltage  characteristics  of  the  appliance. 

Because  many  items  of  equipment  that  are  designed  to  operate  from  low-voltage, 

60- Hz  power  are  not  designed  to  have  specific  high-voltage  or  high-frequency  characteristics, 
these  characteristics  may  also  vary  considerably  among  supposedly  Interchangeable  items. 

This  Is  attributable  to  the  fact  that  manufacturing  techniques  and  tolerances  that  affect  the 
high-voltage  and  high-frequency  characteristics  are  not  controlled  unless  they  also  affect 
the  60- Hz  performance.  Because  of  this  variability  from  unit  to  unit,  It  is  important  that 
the  basic  coupling  mechanisms  {or  malfunction  mechanisms)  for  each  piece  of  equipment 
be  understood,  and  that  more  than  one  item  be  tested,  If  possible,  to  ascertain  that  the 
same  mechanism  prevails  in  each  case. 


8.2,  STANDARD  INSULATION  TESTS 

Th<  urpose  of  standard  Insulation  testing  Is  to  demonstrate  that  the  design,  work- 
manship, a>  materials  of  electrical  equipment  are  adequate.  Such  testing  originated  from 
the  need  to  design  and  certify  transmission  and  distribution  system  components  capable 
of  withstanding  the  transients  associated  with  lightning  and  line  switching.  These  tests  are 
not  nuclear  EMP  tests;  they  are  quality-control  tests  established  by  the  Industry,  They  are 
described  briefly  here  to  illustrate  the  Insulation  standards  used  in  the  design  of  transformers, 
bushings,  Insulators,  etc. 

The  Insulation  tests  conducted  by  the  power-component  testing  laboratories  are  of 
three  types:  (1)  full-wava  impulse  tests  with  a pulse  having  a rise  time  of  typically  1.5  ps 
and  a decay  time  (to  half  the  peak  value)  of  typically  40  ps,  (2)  chopped-wave  Impulse 
tests  in  which  the  test  waveform  Is  truncated  (chopped)  after  a few  microseconds  by 
shorting  the  source  through  a spark-gap  switch,  and  (3)  a low-frequency  test  at  twice  the 
rated  voltage  and  at  about  twice  the  rated  frequency  for  up  to  1 minute.1  These  tests  Bre 
not  routinely  conducted  as  a part  of  the  manufacturing  quality  control;  rather  they  are 
conducted  as  a part  of  the  design  qualification  procedure,  on  samples  of  a new  or  altered 
component  design.  Thus,  although  a component  has  been  designed  and  manufactured  for 
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a basic  insulation  level,  each  individual  component  Is  not  necessarily  subjected  to  the  tests 
specified  for  that  basic  insulation  level. 

The  full-wave  impulse  test  is  conducted  with  a high-voltage  pulse  applied  across  the 
insulation.  The  pulse  shape  is  basically  an  exponential  pulse  with  a finite  rise  time  such  as 

that  illustrated  in  Figure  8-1.  The  pulse  is  specified  in  terms  of  its  crest  value  V,  the  time  to 
crest  T, , and  the  time  to  half-crest  Tv,,  The  method  of  determining  the  time  to  crest  and 
the  time  to  half-crest  is  illustrated  In  Figure  8-1.  The  commonly-used  impulse  for  Insu- 
lation testing  is  the  1.6  X 40-ps  pulse,  which  means  Tr  ■ 1.5  ps  and  T yf  ■ 40  ps.  The  crest 
value  V is  a function  of  insulation  class  (voltage  rating!  of  the  equipment.  Crest  voltages 
for  full-wave  Impulse  tests  are  given  in  Tables  4-1  and  2-2  for  most  transmission  and  dis- 
tribution voltages. 

For  chopped-wave  tests,  the  waveform  of  Figure  8-1  Is  foreshortened  hv  shorting 
the  pulse  source  out  after  a predetermined  time  with  a spark-gap  switch.  Tests  with  the 
chopped  wave  are  conducted  with  slightly  larger  crest  voltages,  as  can  be  seen  in  Table  4-1. 
However,  the  duration  of  the  pulse  is  usually  3 ps  or  less, 

The  low-frequency  tests  of  transformers  and  similar  equipment  are  conducted  at 
twice  the  rated  frequency  and  at  least  twice  the  rated  voltage  of  the  equipment.  At  twice 
the  rated  frequency,  the  copper  and  iron  losses  are  lower,  so  that  the  component  can 
withstand  the  higher  voltages  without  overheating.  This  test  provides  an  evaluation  of 
sustained  ac  overvoltage  (test  time  Is  1 minute  or  less)  effects  on  the  Insulation  between 
turns  and  between  the  winding  and  case. 


8.3  EMP  TESTS  OF  EQUIPMENT 

8,3.1  PURPOSE  OF  EQUIPMENT  TESTS 

EMP  tests  of  power-system  or  consumer  facility  equipment  are  usually  conducted 
for  one  or  both  of  the  following  purposes:  (1)  to  establish  the  threshold  for  equipment 
malfunctions  or  failure,  and  (2)  to  determine  the  transfer  function,  or  EMP  throughput, 
of  the  equipment,2,3 
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Figure  8-1  IMPULSE-TEST  WAVEFORM  SHOWING  METHOD  OF  SPECIFYING 
RISE  TIME  AND  TIME-TO-HALF-PGAK 


The  threshold  for  equipment  malfunction  Is  a measure  of  the  tolerance  of  the  equip- 
ment for  the  E MR  -induced  transient,  This  tolerance  for  the  transients  Induced  through  the 
power  system  may  be  determined  by  Injecting  transients  on  the  power  leads  supplying  the 
equipment.  In  general,  however,  there  may  be  several  other  coupling  modes  to  which  the 
equipment  Ib  sensitive,  so  the  susceptibility  to  transients  conducted  on  the  power  leads 
should  not  be  considered  the  only  susceptibility  of  the  equipment.  As  is  illustrated  in 
Figure  8-2,  the  equipment  may  also  have  ground  conductors  and  signal  Input  and  output 
conductors,  und  the  equipment  and  Its  Interconnecting  conductors  may  be  exposed  to  the 
incident  EMP  field  or  some  fraction  thereof.  The  equipment  may  bo  susceptible  to  the 
fields  and  to  EMP  induced  transients  conducted  on  any  (or  all)  of  the  other  conductors, 
Thus  although  the  emphasis  of  this  handbook  Is  on  susceptibility  to  transients  related  to 
the  power  system,  it  is  important  to  recognize  that  these  other  paths  also  exist. 
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Figure  8-2  CONDUCTORS  ENTERING  OR  LEAVING  AN  EQUIPMENT  CABINET 


The  determination  of  the  transfer  function,  or  throughput,  of  certain  types  of  equip- 
ment is  often  necessary  to  determine  the  nature  of  the  EMP-induced  transient  passed 
through  the  equipment  to  more  sensitive  components  downstream,  Chapters  Two  through 
Five  of  this  handbook  describe  techniques  for  determining  the  transfer  functions  for  trans- 
mission lines,  service  entrances,  and  transformers  so  that,  given  the  input  fields  or  source 
characteristics,  the  voltages  or  currents  at  the  output  (downstream)  terminals  can  be 
evaluated.  Similar  characteristics  for  other  components  of  the  power  system  or  consumer 
facility  may  be  required  to  evaluate  the  transients  deliverod  to  sensitive  components,  In 
Figure  8-2,  for  example,  It  may  be  necessary  to  determine  the  transient  delivered  to  the 
input,  output,  and  ground  conductors  by  the  EMP-induced  signal  conducted  Into  the  equip- 
ment on  the  power  conductors. 
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8.3.2  DIRECT-INJECTION  TESTS 


Tests  of  equipment  responses  to  transients  conducted  on  the  power  conductors 
usually  make  use  of  some  form  of  direct  injection  of  the  transient  on  the  conductors.  Some 
of  the  important  considerations  in  performing  such  a test  are: 

( 1 ) What  are  the  Thevenin  or  Norton  source  characteristics  of  the  signal  to  be 
Injected? 

(2)  How  are  the  other  conductors  (l.e.,  Input,  output,  ground)  terminated? 

(3)  Is  it  important  that  equipment  be  energized  when  it  Is  tested? 

(4)  Is  it  necessary  to  establish  and  hold  a particular  state  or  operating  mode  during 
the  teat? 

(5)  Is  the  equipment  part  of  a system  with  feedback  such  that  Its  output  affects 
its  Input? 

(6)  Are  other  environmental  factors  such  as  ambient  pressure,  temperature, 
humidity,  Illumination,  or  combustible  vapors  important  to  the  test  results? 

(7)  Do  transients  conducted  on  other  conductors  or  induced  by  the  EMP  fields 
affect  the  responses  to  the  transients  on  the  power  conductors? 

Most  of  those  questions  relate  to  specific  properties  or  functional  characteristics  of 
the  equipment  to  be  tested  and  can  be  answered  only  when  a particular  item  of  equipment 
and  Its  operating  characteristics  and  environment  are  specified,  This  section  will  be  confined 
primarily  to  techniques  for  injecting  signals  onto  power  conductors  for  the  purpose  of 
evaluating  the  tolerance  or  transfer  characteristics  of  the  equipment,  However,  the  source 
characteristics  of  the  excitation  source  can  bo  defined  from  tests  surh  as  those  described 
in  Section  6.4,2, 

For  the  case  where  one  end  of  e power  circuit  is  accessible  for  injection  of  test 
signals,  a common-mode  test  voltage  can  be  directly  injected  at  the  end  through  an  imped- 
ance matrix  as  illustrated  in  Figure  8-3,  The  impedance  matrix  may  simulate  the 
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impedances  usually  connected  between  individual  conductors  and  between  the  conductors 
and  the  conduit.  In  the  case  of  a very  long  conduit,  the  voltage  delivered  to  the  conductors 
is: 


Vln 


Zin 


Z + Z|„ 


(8-1) 


where  V is  the  source  voltage,  Zjn  is  the  input  impedance  of  the  conductt  rs  with  their 
normal  load  on  the  right-hand  side  (see  Figure  8-3),  and  Z is  the  common-moue  Inpedance 
of  the  terminating  resistors  between  the  source  and  the  conductors.  It  should  be  notod  that, 
if  the  righthand  end  of  the  conduit  circuit  is  also  terminated  In  Its  characteristic  impedance, 
only  half  of  the  source  voltage  is  applied  to  the  conduit. 


This  method  of  driving  power  conductors  is  perhaps  the  most  straightforward  and 
commonly  used  of  all  the  direct-injection  methods.  It  can  also  be  used  with  unshielded 
cables  chat  are  routed  along  a metal  structure  or  are  placed  In  metal  cable  trays.  With 
unshielded  cables  of  this  type,  the  conductors  are  driven  against  the  metal  structure  or 
trays  rather  than  against  the  conduit.  One  disadvantage  of  this  method  is  that  the  conductors 
being  driven  must  be  disconnnected  at  one  end;  hence,  the  equipment  may  not  be  operating 
in  its  normal  state  during  the  test. 


When  one  end  of  the  circuit  is  not  accessible,  a different  ihjectlon  method  must  be 
used.  Such  cases  arise  where  disconnecting  the  power  precludes  operating  the  system  in  its 
normal  mode.  In  these  cases,  it  may  be  necessary  to  accept  some  compromise  In  the  quality 
of  the  simulation  to  perform  tests  economically.  One  approach  that  can  be  used  under 
certain  conditions  is  illustrated  in  Figure  8-4.  At  some  suitable  junction  in  the  power  system 
the  excitation  source  is  capacitively  coupled  to  the  conductors  and  permitted  to  drive  them 
with  respect  to  the  local  ground  or  conduit.  As  illustrated  in  the  figure,  however,  the  current 
injected  at  this  point  is  divided  into  two  parts,  one  flowing  in  each  direction  from  the  injec- 
tion point.  Because  this  method  of  distributing  the  current  differs  radically  from  the  current 
distribution  that  would  have  resulted  from  the  EMP  excitation  of  the  system,  some  care  is 
required  in  designing  a valid  test  using  this  approach. 


A test  using  the  injection  method  shown  in  Figure  8-4  will  be  valid  only  if  the 
equipment  response  is  not  affected  by  the  attachment  of  the  energy  source.  Because  the 
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Figure  8-3  IMPEDANCE  MATRIX  USED  TO  INJECT  COMMON-MODE  VOLTAGES 


equipment  to  the  right  of  the  Injection  point  In  Figure  8-4  Is  of  primary  interest  In  the  te9t, 
for  the  test  to  be  valid  the  portion  of  the  current  that  flows  to  the  left  from  the  Injection 
point  must  not  ba  reflected  hack  into  the  right-hand  circuitry  during  the  period  when  the 
system  Is  being  observed  to  determine  its  response  to  the  EMP.  This  condition  implies  that 
no  significant  reflections  should  return  from  the  loft  end  of  the  circuit.  Thus  the  circuit  to 
the  left  must  be  very  long  ( a round-trip  transit  time  that  is  longer  than  viewing  time),  or 
very  short  ( a round-trip  transit  time  that  is  shorter  than  any  response  of  Interest),  or  It 
must  be  terminated  in  a matched  load  (no  reflections). 

If  the  driven  conductors  cannot  be  made  very  long,  the  stipulation  that  attachment 
of  the  excitation  source  should  not  significantly  affect  the  system  response  usually  implies 
that  the  coupling  between  the  direct-injection  source  and  the  system  conductors  must  be 
so  loose  that  the  system  Impedances  are  not  significantly  affected.  It  Is  important  to 
observe  that  the  loose-coupling  requirement  applies  to  the  differential- mode  impedances 
as  well  as  to  the  common-mode,  or  line-to-ground,  impedances.  That  la,  the  attachment 
of  the  energy  source  should,  in  general,  disturb  neither  the  line-to-ground  impedances  nor 
the  llne-to-llne  impedances  of  the  power  circuit  at  the  Injection  point.  The  loose-coupling 
requirement  usually  requires  that  much  of  the  source  voltage  be  dissipated  in  the  coupling 
network. 

An  alternative  to  the  capacitive  coupling  method  illustrated  In  Figure  8-4  is  the 
inductive  coupling  method  Illustrated  in  Figure  8-5.  In  this  method,  the  power  conductors 
are  made  the  one-turn  secondary  winding  of  a transformer  by  threading  them  through  the 
window  of  a toroidal  ferrite  core  with  the  conductor  carrying  the  source  current. 
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Figure  8-4  CAPACITORS  USED  TO  INJECT  COMMON-MODE  VOLTAGES 


This  method  has  the  advantages  that  the  equipment  can  be  operated  with  power  on  during 
the  test,  and  the  impedance  added  to  the  power  conductors  by  the  toroid  is  usually  small 
enough  that  it  can  bu  ignored, 


8.4  EIMP  TESTS  OF  FACILITIES 

8.4,1  EXCITATION  OF  THE  SERVICE  ENTRANCE 


Tests  at  the  facility  level  are  also  performed  primarily  to  establish  thresholds  for 
malfunctions  and  to  determine  transfer  functions  from  the  power  service  (e.g.,  the  dis- 
tribution lines  or  service  entrance)  to  points  of  interest  in  the  facility.  For  existing  facilities, 
diagnostic  testing  may  be  performed  to  locate  and  rank  malfunctions  as  well  as  to  proof-test 
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Flgura  8-5  CURRENT  TRANSFORMER  TO  INJECT  CURRENT 
ON  A GROUNDED  CABLE  SHIELD 

the  facility  after  modifications  have  been  made  to  increase  its  tolerance  for  the  EMP-Induced 
transients.  New  facilities  designed  to  be  Immune  to  EMP  must  also  be  tested  to  evaluate  the 
success  of  the  design. 

In  almost  all  cases  In  which  EMP  coupling  into  facilities  is  to  be  examined  experi- 
mentally, it  Is  necessary  to  perform  the  test  without  disconnecting  the  power.  There  Is 
usually  a significant  change  In  the  state  of  the  circuits  and  equipment  inside  the  facility 
when  the  commercial  power  is  disconnected,  because  of  relays  becoming  deenergized,  auto- 
matic transfer  switches  becoming  activated,  and  active  electronic  systems  becoming  dormant. 
Thus,  unless  the  facility  is  very  simple  or  totally  passive  in  its  function,  it  will  probably  be 
necessary  to  test  with  the  power  on  to  obtain  valid  results.  For  this  reason,  the  capacitive 
or  Inductive  coupling  methods  have  been  used  for  injection  of  the  simulated  EMP  on  the 
service-entrance  conductors. 

As  with  direct-injection  testing  of  equipment,  the  effect  of  the  excitation  source 
impedance  on  the  system  response  must  be  considered.  At  the  facility  level,  however,  there 
Is  often  sufficient  attenuation  between  the  excitation  source  and  the  Internal  eqiupment 
that  rhe  source  Impedance  is  not  a dominant  factor.  For  economic  reasons,  the  source 
impedance  Is  often  compromised  to  avoid  the  expense  of  loosely  coupled  megavolt  pulse 
sources.  Thus,  for  example,  a 100  kV-tightly  coupled  source  might  be  used  where  strict 
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adherence  to  preservation-of-lmpedance  concepts  might  require  a 10-MV  loosely  coupled 
source. 


Because  the  insulation  and  coupler  design  requirements  are  more  severe  and  the 
personnel  hazards  are  greater  if  the  pulse  Is  coupled  to  the  primary  side  of  the  distribution 
transformer,  it  is  usually  preferable  to  perform  the  injection  on  the  secondary  side.  This 
often  has  the  additional  advantage  that  a substantially  lower  voltage  is  required.  Because 
of  the  filtering  action  of  the  transformer  and  the  mismatch  between  the  aerial  line  and  the 
conductors  in  the  conduit,  only  a fraction  of  the  open-circuit  voltage  induced  in  the  dis- 
tribution lines  Is  transmitted  Into  the  service-entrance  conduit,  This  is  another  reason  that 
a low-voltage  source  (e.g.,  100  kV)  can  be  used  to  simulate  the  effect  of  several  megavolts 
induced  on  the  distribution  lines, 

The  schematic  of  a capacitor  discharge  pulser  with  capacitive  coupling  to  the  power 
conductors  Is  shown  in  Figure  8-6,  This  direct  injection  pulser  was  designed  so  that  the 
high-voltage  energy  storage  capacitor  could  be  pieced  at  ground  level,  The  capacitive 
coupler  unit  is  mounted  near  the  service-entrance  weatherhead  and  connected  to  the  energy 
storage  unit  through  four  50-ohm  coaxial  transmission  lines  operated  in  parallel.  The  reac- 
tance of  the  coupling  capacitors  Is  large  enough  that  little  60- Hz  current  flows  through 
them,  but  throughout  most  of  the  EMP  spectrum,  their  reactance  is  so  small  that  virtually 
all  of  the  pulser  voltage  is  applied  to  the  power  conductors.  The  coupler  installed  at  the 
weatherhead  (but  not  yet  connected  to  the  power  conductor)  Is  shown  In  Figure  8-7. 


8.4.2  OBSERVATION  OF  THE  SYSTEM  RESPONSE 

For  the  simplest  form  of  proof-test,  the  system  response  may  by  judged  on  the 
basis  of  whether  or  not  the  system  functions  properly  during  and  after  the  simulated  EMP 
is  Injected  Into  the  service  entrance.  Visual  and  aural  observations  to  detect  any  spurious 
arcing  are  usually  included  in  such  a test.  It  is  more  common,  however,  to  provide  some 
instrumentation  to  make  quantitative  measurements  of  selected  Internal  currents  and 
voltages  so  that  the  margin  by  which  the  system  passed  or  failed  the  tost  can  be  determined. 
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Figur*  B-ti  SCHEMATIC  DIAGRAM  OP  POWER-LINE  PULSER  AND  COUPLER 


Such  instrumentation  is  a necessity  for  those  tests  whose  primary  purpose  is  to 
determine  the  excitation  levels  tu  be  used  in  the  equipment  tests  described  in  Section  8.3. 

The  basic  instrumentation  required  for  measuring  the  system  response  Is  a selection 
of  current  probes,  high-voltage  probes,  and  a low-power,  wideband  oscilloscope  with  a 
camera  capable  of  recording  at  fast  writing  rates  II  cm/ns),  Commercial  wideband 
(>100  MHz),  low-power  (<,150  W)  oscilloscopes  and  cameras  are  readily  available.  If 
shielded  operation  Is  necessary,  Inverters  for  operating  the  oscilloscope  In  a shielded 
enclosure  from  a 12-V  storage  battery  are  also  available.  (One  of  the  advantages  of  direct- 
injection  testing  ib  that  large  external  fields  and  the  instrumentation  problems  associated 
with  them  are  not  produced). 

Currunt  probes  with  a variety  of  window  sizes,  amplitude  and  frequency  character- 
istics, and  attachment  provisions  are  also  available  commercially.  Most  of  these  current 
probes  have  transfer  impedances  (ratio  of  output  voltage  to  current  through  the  window) 
that  decrease  with  decreasing  frequency  below  a few  kilohertz  so  that  they  tend  to  suppress 
the  response  to  60-Hz  current  in  the  power  conductors.  This  property  Is  desirable  for 
making  measurements  of  transients  whose  peak  current  value  is  equal  to  or  loss  than  the 
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60-H*  current  in  the  conductor*.  The  hinged,  clamp-on  type  of  probe  i*  alto  very  conve- 
nient because  it  eliminate*  the  necessity  of  disconnecting  conductors  to  throed  them 
through  the  window  of  the  probe. 


Passive  wideband  voltage  probes  are  alto  available  for  measuring  voilages  ranging 
from  a few  hundred  volts  to  about  30  kV.  The  high-voltage  probes  are  excellent  for 
measuring  voltages  with  peak  values  greater  than  a few  hundred  volts  on  1 20/240- V power 
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conductors.  For  smaller  transients, 
however,  the  60-Hz  voltage  on  which 
the  transient  is  superimposed  makes 
the  measurement  more  difficult.  This 
problenri  can  be  alleviated  by  making 
a high-pass-filter  adapter  for  the  probe 
so  that  the  60-Hz  response  of  the 
probe  is  suppressed.  Such  adapters 
are  shown  in  Figure  0-8. 

When  the  purpose  of  tho  test 
is  to  establish  the  excitation  levels  for  later  use  In  direct-in|ection  tests  of  Internal  equip- 
ment, some  consideration  should  be  given  to  methods  of  specifying  these  excitation  levels. 
These  levels  can  be  specified  In  terms  of  the  In  situ  current  and  voltage  on  the  conductors 
entering  the  equipment,  or  they  can  be  specified  In  terms  of  a Thevenin  (or  Norton) 
equivalent  source  (see  Figure  8-9).  In  the  first  case,  the  excitation  sourco  contains  the 
unknown  characteristics  of  the  remainder  of  the  facility  (which  must  be  simulated  in  a 
bench  test  of  the  component  equipment).  In  the  latter  case,  the  characteristics  of  the 
remainder  of  the  facility  are  contained  in  the  Thevenin  equivalent  source  voltage  and 
Impedance.  The  In  situ  measurements  are  usually  easier  to  make  than  those  necessary  to 
specify  the  Thevenin  equivalent  source,  but  they  may  be  Inadequate  to  define  the  exci- 
tation source  for  laboratory  or  bench  tests  of  the  component.  On  the  other  hand,  to  define 
the  Thevenin  equivalent  source,  both  the  short  -circuit  current  and  the  open-circuit  voltage 
(or  one  of  these  and  the  source  impedance  of  the  circuit)  at  the  excitation  point  must  be 
measured.  Measurement  of  open-circuit  voltage  and  short-circuit  current  with  the  power 
on  is  often  Impossible,  however. 

This  paradox  can  usually  be  resolved  by  acceptable  estimates  or  approximations  to 
the  characteristics  of  the  Thevenin  equivalent  source  based  on  power-off  measurements  or 
circuit  analysis.  If  It  is  necessary  to  specify  the  Thevenin  source  Impedance  more  accurately, 
series  inductance  and  shunt  capacitance  can  be  inverted  at  the  terminals  of  the  component 
to  measure  the  open-circuit  voltage  and  short-circuit  current  in  the  EMP  spectrum  with 
the  power  on. 
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Figure  8-9  DEFINITION  OF  THE  EXCITATION 
FOR  AN  INTERNAL  EQUIPMENT  COMPONENT 
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